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INTRODUCTION 


Night  vision  goggles  (NVGs)  were  first  developed  and  introduced  by  the  US  Army  for 
use  by  ground  forces.  They  were  later  adapted  for  use  in  rotary-  and  fixed-wing  aircraft. 
The  Human  Engineering  Division  of  the  Armstrong  Aerospace  Medical  Research 
Laboratory  (later  becoming  the  Crew  Systems  Interface  Division  of  the  Air  Force 
Research  Laboratory  or  AFRL/HEC)  at  Wright-Patterson  AFB,  Ohio  first  became 
involved  in  Air  Force  use  of  NVGs  in  the  late  1970s.  Using  NVGs  in  aircraft  presented  a 
unique  and  challenging  set  of  cockpit  and  human-system  integration  issues.  These  issues 
were  the  focus  of  much  of  AFRL/HEC’ s  involvement  in  the  research,  development  and 
use  of  NVGs.  Some  of  these  integration  issues  include:  visual  acuity,  resolution, 
peripheral  vision,  weight,  transparency  effects  (materials,  coatings,  geometry),  cockpit 
lighting  compatibility,  laser  eye  protection,  G  effects,  egress,  NVG  characterization 
(signal-to-noise  ratio,  gain,  modulation  transfer  function,  field  of  view,  dark  spots, 
distortion,  magnification,  image  rotation),  optical  design  and  aircrew  acceptance  criteria. 
This  document  provides  a  summary  of  the  night  vision  research  and  development  efforts 
of  AFRL/HEC  over  the  past  twenty-plus  years.  It  includes  the  complete  text  of  selected 
in-house  publications  addressing  visual  acuity,  lighting  and  display  compatibility, 
panoramic  NVGs,  the  measurement  of  NVGs  and  their  related  components  and  human 
factors  interface  issues.  Also,  included  is  a  listing  of  this  Division’s  night  vision  related 
patents  and  a  bibliography  of  other  AFRL/HEC  night  vision  articles. 

I.  SELECTED  NIGHT  VISION  RELATED  PUBLICATIONS 

1.  VISUAL  ACUITY  AND  NIGHT  VISION  GOGGLES 

One  of  the  most  frequently  referenced  parameters  relating  to  the  capability  or  quality  of 
night  vision  goggles  is  visual  acuity.  This  parameter  is  often  mistakenly  referred  to  as  the 
visual  acuity  of  NVGs.  Since  visual  acuity  is  an  attribute  of  human  vision,  this  statement 
is  incorrect.  However,  the  intent  of  this  statement  is  to  convey  a  sense  of  the 
performance  level  that  the  NVGs  can  attain.  When  one  is  referring  to  an  optical 
instrument  or  display,  such  as  an  NVG,  the  appropriate  term  to  use  is  resolution. 
Resolution  is  the  level  of  detail  that  an  optical  or  display  device  can  sense  or  resolve 
independent  of  whether  or  not  the  human  eye  can  actually  see  the  level  of  detail.  Since 
both  metrics  can  have  the  same  units  (such  as  cycles/mrad),  it  is  easy  to  understand  why 
these  two  different  terms  are  often  used  interchangeably. 

Several  parameters  can  affect  human  visual  acuity  independently  of  the  NVGs,  such  as 
luminance  (how  much  light  is  getting  into  the  eyes)  and  contrast  (what  is  the  difference 
or  ratio  between  the  bright  and  dark  areas  of  the  image  that  is  used  to  test  visual  acuity). 
In  general,  as  light  level  and  contrast  are  reduced,  visual  acuity  is  degraded.  Therefore, 
visual  acuity  obtained  when  viewing  through  NVGs  tends  to  be  worse  when  the  light  and 
contrast  are  reduced. 

This  section  contains  select  publications  that  deal  with  the  issue  of  assessing  human 
visual  acuity  capability,  while  using  NVGs.  The  first  article,  Pinkus  &  Task  (1998), 
discusses  the  basics  of  measuring  human  visual  acuity  through  night  vision  goggles.  The 
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second  article,  Pinkus,  Task,  Dixon  &  Goodyear  (2000),  investigates  the  variability 
associated  with  measuring  visual  acuity  through  NVGs.  Task  (2001)  describes  the  results 
of  an  interagency  test  to  determine  the  repeatability  and  reproducibility  of  NVG  visual 
acuity.  Each  participating  organization  used  their  own  NVG  visual  acuity  test  procedures 
on  the  same  two  pair  of  NVGs.  Pinkus  &  Task  (1997)  demonstrates  that  visual  acuity  is 
reduced  when  viewing  through  aircraft  transparencies  that  have  lower  night  vision 
imaging  system  (NVIS)  transmission  coefficients  (less  available  near  infrared  light). 
Different  canopy  coatings  can  have  different  transmission  effects.  Task,  Riegler  & 
Goodyear  (1999)  shows  that  the  reduction  in  visual  acuity  due  to  light  loss  can  be  caused 
by  transmission  effects  either  at  the  eyepiece  of  the  NVGs  or  at  the  objective  lens.  For 
example,  aircraft  transparencies  cause  a  reduction  of  light  entering  the  objective  lens, 
while  aircrew  laser  eye  protection  or  glasses  cause  a  reduction  of  light  at  the  eyepiece 
side  of  the  NVG.  Riegler,  Whiteley,  Task  &  Schueren  (1991)  explores  the  effects  of  light 
level,  contrast  and  the  inherent  signal/noise  ratio  of  the  image  intensifier  tube  on  visual 
acuity.  Gleason  &  Riegler  (2001)  describes  the  impact  of  the  diopter  setting  of  the  NVG 
eyepiece,  on  visual  acuity  for  both  short  term  and  long  term  wear  of  the  NVGs.  The  last 
article,  Donohue-Perry,  Task  &  Davis  (1994),  shows  the  effect  of  field  of  view  (FOV)  on 
visual  acuity  through  NVGs.  For  a  given  image  intensifier  tube,  the  same  number  of 
pixels  (picture  elements  or  resolution  elements)  must  be  spread  over  a  larger  angular  area 
to  get  a  larger  FOV.  This  spread  increases  the  visual  angle  per  resolution  element, 
thereby  reducing  the  device’s  resolution  and  the  visual  acuity  that  can  be  obtained. 

These  articles  are  reprinted  to  provide  the  reader  with  a  reference  and  background  to 
better  understand  NVG-aided  visual  acuity. 

Pinkus,  A.  R.,  &  Task,  H.  L.  (1998).  Measuring  observers’  visual  acuity  through 

night  vision  goggles.  Proceedings  of  the  36th  Annual  Symposium  SAFE  Association 

fop.  1-H). 


Pinkus,  A.  R.,  Task,  H.  L.,  Dixon,  S.  A.,  &  Goodyear,  C.  D.  (2000).  Reproducibility 
limits  of  night  vision  goggle  visual  acuity  measurements.  SAFE  Journal,  30(1), 
131-139. 

Task,  H.  L.  (2001).  Night  vision  goggle  visual  acuity  assessment:  results  of  an 
interagency  test.  Proceedings  of  SPIE  -  International  Society  for  Optical 
Engineering  Helmet- and  Head-Mounted  Displays  VI,  USA,  4361,  130-137. 

Pinkus,  A.  R.,  &  Task,  H.  L.  (1997).  The  effects  of  aircraft  transparencies  on  night 
vision  goggle-mediated  visual  acuity.  Proceedings  of  the  35th  Annual  Symposium 
SAFE  Association,  (pp.  93-104). 

Task,  H.  L.,  Riegler,  J.  T.,  &  Goodyear,  C.  D.  (1999).  Effects  of  laser  eye  protection 
and  aircraft  windscreens  on  visual  acuity  through  night  vision  goggles. 

Proceedings  of  the  37th  Annual  Symposium  SAFE  Association, 
http://www.safeassociation.com 
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Riegler,  J.  T.,  Whiteley,  J.  D,  Task,  H.  L.,  &  Schueren,  J.  (1991).  The  effect  of 
signal-to-noise  ratio  on  visual  acuity  through  night  vision  goggles.  (Report  No.  AL- 
TR-1991-0011).  Wright-Patterson  AFB,  OH:  Armstrong  Laboratory.  (DTIC  No. 
A260579) 


Gleason,  G.  A.,  &  Riegler,  J.  T.  (2001).  The  effect  of  eyepiece  focus  on  visual  acuity 
through  ANVIS  night  vision  goggles  during  short-  and  long-term  wear.  (Report  No. 
AFRL-HE-WP-TR-2G01-0033).  Wright-Patterson  AFB,  OH:  Air  Force  Research 
Laboratory. 


Donohue-Perry,  M.  M.,  Task,  H.  L,,  &  Davis,  S.  A.  (1994).  Visual  acuity  vs.field-of- 
view  and  light  level  for  night  vision  goggles  (NVG).  (Report  No.  AL/CF-TR-1994- 
0076).  Wright-Patterson  AFB,  OH:  Armstrong  Laboratory.  (DTIC  No.  A284750) 
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ABSTRACT 

Use  of  night  vision  goggles  (NVGs)  for  military 
applications  has  grown  steadily  over  the  past  30  years , 
Each  successive  NVG  model  represents  some  kind  of 
improvement  in  terms  of  size ;  weight ,  ruggedness ,  gain , 
noise ,  spectral  sensitivity,  field-of~view  or  resolution .  The 
primary  focus  of  this  paper  is  the  determination  of  NVG 
resolution.  Many  methods  have  been  devised  to  measure 
the  resolving  power  of  NVGs  and  each  method  has  with  it 
an  associated  variance  or  accuracy  of  measurement  This 
variance  is  most  likely  caused  by  several  sources 
including  observer  visual  capability  (since  most  methods 
involve  visual  observations  and  judgement  to  assess  NVG 
resolution ),  The  main  purpose  of  this  paper  is  to  present 
the  different  methods  that  have  been  used  to  assess  NVG 
resolution  and  to  determine  to  what  extent  observer  visual 
capability  limits  the  accuracy  of  NVG  resolution 
measurement  This  study  uses  a  methodology  that 
measures  an  observer's  psychometric  function  when 
viewing  through  NVGs  (percent  correct  detection  as  a 
function  of  spatial  separation)  to  determine  their  visual 
acuity  using  probit  analysis. 

INTRODUCTION  and  BACKGROUND 
Night  vision  goggles  (ITT)  allow  an  observer  to  see 
objects  that  are  illuminated  by  very  low  amounts  of  light 
energy  by  greatly  amplifying  the  light  level.  Present 
generation  NVGs  have  a  gain  (as  measured  by  the 
Hoffman  ANV-120)  of  6000  or  more  which  means  that 
for  an  object  illuminated  by  a  2856K  color  temperature 
light  source  the  NVGs  present  a  luminance  that  is  6000 
times  brighter  than  die  object  viewed  directly.  However, 
the  image  intensifler  tubes  that  are  the  heart  of  the  NVGs 
also  have  an  automatic  brightness  control  which  limits  the 
output  luminance.  For  present  generation  NVGs  this 
maximum  average  output  luminance  is  on  the  order  of  2 
to  4  foot-Lamberts.  Since  visual  acuity  depends  on  light 
level  it  is  apparent  that  the  level  of  detail  that  can  be  seen 
through  the  NVGs  depends  on  the  illumination  level  on 
the  target  scene.  This  becomes  a  factor  in  determining  the 
resolution  of  NVGs. 


The  term  "resolution”  is  defined  (the  definition  of 
interest  to  this  topic)  by  Webster’s  Ninth  New  Collegiate 
Dictionary  as  "the  process  or  capability  of  making 
distinguishable  the  individual  parts  of  an  object,  closely 
adjacent  optical  images,  or  sources  of  light."  The  same 
dictionary  defines  "visual  acuity"  as  "the  relative  ability 
of  the  visual  organ  to  resolve  detail  that  is  usually 
expressed  as  the  reciprocal  of  the  minimum  angular 
separation  in  minutes  of  two  lines  just  resolvable  as 
separate  and  that  forms  in  the  average  human  eye  an  angle 
of  one  minute."  It  is  apparent  from  these  two  definitions 
that  "resolution"  and  "visual  acuity"  are  somewhat 
connected  but  are  not  quite  the  same  thing,  especially 
when  we  refer  to  the  "resolution"  of  the  NVGs.  The 
primary  reason  for  having  a  parameter  such  as  resolution 
is  to  try  to  describe  the  capability  of  the  NVG.  However, 
all  current  widely  used  methods  of  measuring  NVG 
resolution  involve  the  use  of  human  observers  and  vision. 
This  has  both  good  and  bad  points.  The  good  point  is  that 
the  NVGs  are  intended  to  be  used  with  human  vision  in 
operation;  so  using  vision  as  the  means  to  assess  NVG 
resolution  seems  to  make  sense.  The  bad  point  is  that 
when  one  uses  human  visual  capability  as  an  integral  part 
of  a  measurement  procedure  one  may  end  up  with 
increased  variance  due  to  individual  differences  or 
dynamic  shifting  of  human  visual  threshold.  The  purpose 
of  the  research  described  herein  is  to  determine  the  extent 
of  human  visual  acuity  variance  when  viewing  through 
NVGs  by  using  "frequency  of  seeing"  curves.  This  is  a 
time-consuming  approach  and  is  not  suitable  as  a  routine 
method  for  characterizing  NVG  resolution;  but  it  does 
provide  some  insight  into  limitations  of  other  methods 
used  to  measure  NVG  resolution. 

There  is  a  subtle  but  very  real  difference  between 
"NVG  resolution"  and  "visual  acuity  through  NVGs." 
This  can  be  demonstrated  by  the  following  example. 
Suppose  that  some  day  advanced  technology  produces  a 
"super"  NVG  capable  of  presenting  details  down  to  a 
tenth  of  a  minute  of  arc.  If  vision  is  used  to  assess  these 
"super"  NVGs  we  would  get  a  reading  of  about  1  minute 
of  arc  since  that  is  the  limit  of  visual  capability;  even 
though  the  NVGs  were  presenting  details  one  tenth  of  this 
size.  Thus,  in  this  case,  what  is  being  measured  is 
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actually  "visual  acuity  through  NVGs"  and  not  the  actual 
"NVG  resolution."  As  long  as  NVG  capability  is  worse 
than  human  visual  capability  there  is  not  a  significant 
difference  between  the  two.  However,  even  with  today’s 
NVGs  the  difference  between  "NVG  resolution"  and 
"NVG  visual  acuity"  can  be  significant  at  low  light  levels. 
Although  the  measurement  methods  described  in  the 
following  section  are  used  to  measure  "NVG  resolution" 
most  of  them  actually  measure  "NVG  visual  acuity." 

METHODS  USED  TO  MEASURE 
NVG  RESOLUTION 

Snellen  Letter  Charts 

The  Snellen  eye  chart  is  frequently  used  by  optometrists 
to  assess  patients’  visual  acuity.  The  chart  displays  rows 
of  letters  starting  with  a  very  large  size  (20/200)  and 
stepping  down  to  the  smallest  (20/10).  A  measured 
Snellen  acuity  of  20/40  means  that  the  person  sees  certain 
chart  letters  at  a  20  foot  viewing  distance  as  well  as  a 
person  with  normal  sight  sees  the  same  chart  letters  at  40 
feet.  The  visual  acuity  score  can  be  converted  to  minutes 
of  visual  subtended  angle  by  taking  its  reciprocal  (for 
example  40/20)  and  then  dividing  to  get  (2)  minutes  of  arc 
(MOA).  Miller,  Provines,  Block,  Miller  and  Tredici 
(1984)  used  the  Snellen  eye  chart  to  measure  visual  acuity 
through  NVGs.  The  tumbling  E  (used  by  Wiley,  1989; 
Levine  and  Rash,  1989)  chart  has  also  been  used  to 
measure  visual  acuity  through  NVGs.  Some  researchers 
(Kotulak  and  Rash,  1992)  prefer  to  use  the  Bailey  and 
Lovie  (1976)  eye  chart  which  has  logarithmically  sized 
letters. 

Limiting  Resolution 

Limiting  resolution  is  defined  as  the  spatial  frequency  at 
which  die  modulation  transfer  function  (MTF)  of  the 
NVGs  (Stefanik,  1994)  and  the  visual  threshold  function 
or  VTF  (Campbell  and  Robson,  1968;  Task,  1979) 
intersect  (see  Figure  1).  This  intersection  point  occurs  at 
the  highest  spatial  frequency  that  the  NVG  can  transmit 
with  sufficient  contrast  that  the  human  eye  can  see  it. 
This  spatial  frequency  can  be  converted  to  an  equivalent 
Snellen  acuity  or  other  convenient  resolution  unit. 
(Barfield  and  Furness,  1995).  Though  the  concept  itself  is 
straightforward,  there  are  underlying  problems  associated 
with  its  implementation.  The  MTF  of  an  NVG  is  difficult 
to  measure  because  of  the  low  light  level  and  the 
scintillation.  Also,  the  VTF  has  a  certain  amount  of 
variance  associated  with  its  measurement  since  it  involves 
human  vision.  It  order  to  accurately  predict  the  limiting 
resolution  using  this  approach  one  would  need  to  measure 
the  observers  VTF  for  the  same  color,  luminance  levels, 
and  noise  levels  that  occur  in  the  NVG.  Both  the  VTF 
and  the  MTF  measurements  are  time  consuming 
processes  and  not  suitable  for  routine  testing.  In  addition, 
the  variance  associated  with  both  the  MTF  and  the  VTF 
mean  that  there  will  be  a  corresponding  uncertainty 


regarding  the  location  of  the  intersection  of  these  two. 
This  results  in  a  fairly  significant  variance  in  the  final 
limiting  resolution  determination. 


Figure  1 .  Idealized  NVG  MTF  (upper  thick  solid  line) 
and  VTF  (lower  thick  solid  line);  their  intersection  defines 
limiting  resolution.  Note  the  range  (about  33  cpd  to  43 
cpd  in  this  example)  of  possible  limiting  resolution  values 
due  to  the  variance  (the  upper  and  lower  dashed  lines)  in 
the  MTF  and  VTF  measurements. 


1951  AF  Tri-Bar  Target 

One  of  the  most  frequently  used  resolution  test  standards 
is  the  1951  Air  Force  tri-bar  target  (see  Fig.  2)  which  was 
originally  developed  as  a  tool  to  evaluate  the  optical 
performance  of  airborne  reconnaissance  systems  (MIL- 
HDBK-141).  This  target  pattern  contains  seven  groups 
having  six  elements  each.  Each  element  is  comprised  of  a 
pair  of  three-bar  patterns,  one  pattern  is  vertically  oriented 
and  the  other  is  larger  by  a  factor  of  the  6th  root  of  2 
(about  1.1225)  than  the  next  smaller  element.  This  means 
the  first  element  of  each  group  is  exactly  twice  as  large  as 
the  first  element  of  the  next  smaller  group.  The  original 
1951  USAF  tri-bar  target  was  designed  with  Group  0, 
Element  1  set  to  one  line  pair  per  millimeter.  However,  in 
order  to  use  this  pattern  to  evaluate  NVGs  the  basic 
pattern  has  been  greatly  magnified  as  a  wall  chart.  A 
conversion  factor  must  be  devised  to  convert  from  the 
Group  and  Element  number  to  NVG  resolution.  Most  of 
the  time  NVG  resolution  is  given  as  a  Snellen  acuity 
equivalent  with  the  conversion  being  1  minute  of  arc 
angular  subtense  of  a  bar  width  corresponds  to  20/20 
Snellen  visual  acuity.  A  Snellen  acuity  of  20/40  would 
correspond  to  a  bar  width  of  2  minutes  of  arc  and  so  on. 

NVG  resolution  is  determined  by  having  a  trained 
observer  view  the  tri-bar  pattern  under  specified 
illumination  conditions  (which  may  be  between  overcast 
starlight  up  to  full  moon  illumination  equivalent)  and  then 
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state  which  Group  and  Element  number  he/she  can 
"resolve/1  This  is  then  converted  to  a  Snellen  acuity 
equivalent  using  the  conversion  assumptions  stated  above. 
When  doing  NVG  evaluations  agencies  may  have  3 
trained  observers  whose  responses  to  tins  test  are 
averaged  to  determine  the  "resolution"  of  the  night  vision 
goggles.  Although  the  1951  tri-bar  target  pattern  has 
proved  to  be  very  useful  over  the  years  in  comparing  lens 
systems  it  still  has  a  certain  amount  of  variance  due  to 
differences  in  observer  criteria  as  to  when  the  tri-bars  are 
"resolved”  (Farrell  and  Booth,  1984,  p.  3.1-41,  item  18). 
Studies  using  the  tri-bar  pattern  have  shown  observer 
"resolution"  discrepancies  of  as  much  as  60%.  (Farrell 
and  Booth,  1984,  p.  3.1-41  item  18). 
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Figure  2.  US  Air  Force  1951  tri-bar  resolution  chart. 


3X3  Square-Wave  Target  Array 

The  3x3  square- wave  target  array  (Task  and  Genco,  1986) 
was  developed  about  1989  as  a  means  for  pilots  to  do  a 
quick  verification  that  their  NVGs  were  operating 
correctly  and  were  capable  of  resolving  detail  to  a 
specified  level.  This  chart  has  several  features  that  set  it 
apart  from  the  1951  AF  target  The  chart  has  nine  square- 
wave  patterns,  arranged  in  a  3x3  array  as  shown  in  Figure 
3.  For  its  standardized  viewing  distance  of  20  ft.,  each 
pattern  was  sized  to  equal  specific  Snellen  values  of  20/20 
through  20/60  in  increments  of  five.  Their  locations  and 
orientations  within  the  array  were  randomized.  To 
increase  the  number  of  randomized  grating  orientations 
for  a  repeated  measurements  test,  the  chart  is  simply 
rotated  to  any  one  of  its  four  orientations  which  has  the 
effect  of  quickly  changing  grating  locations  and 
orientations  within  the  3x3  array.  Each  chart  orientation 
was  numbered  one,  two,  three  and  four  which  keyed  it  to 
legends  on  the  back  of  the  chart  for  quick  acuity 
reference.  Charts  having  different  levels  of  contrast  were 
also  made. 

The  chart  was  placed  at  a  20  ft.  viewing  distance  and 
illuminated  with  a  2856K  color  temperature  illumination 
source  that  could  be  adjusted  to  various  desired 
illumination  levels.  After  adjusting  the  NVGs,  the  trained 


observer  examines  pattern,  reporting  which  grating 
structure  could  be  resolved  and  its  orientation  (vertical  or 
horizontal).  After  all  of  the  rows  are  viewed,  die  chart  is 
rotated  to  a  new  orientation  and  the  test  is  repeated.  With 
this  kind  of  chart,  repeated  measurements  can  be  quickly 
made  and  the  results,  which  are  in  Snellen  acuity,  can  be 
directly  compared  to  what  the  NVGs  should  be  capable  of 
resolving.  This  method  has  been  successfully  used  for 
many  years  and  has  been  adopted  as  the  standard  test 
chart  that  squadrons  use  to  perform  preflight  NVG 
adjustments  and  to  insure  that  the  goggles  are  performing 
optimally.  However,  the  step  sizes  between  patterns  are 
relatively  large  making  this  pattern  unsuitable  for 
comparing  the  capability  of  different  NVGs  that  are 
somewhat  close  in  their  resolving  power. 


Figure  3.  The  3x3  NVG  chart  (US  Patent  4,607,923). 
Step-Back  Method 

In  an  effort  to  refine  the  square-wave  grating  pattern  to 
obtain  smaller  step  sizes  between  resolutions  a  variation 
was  developed  and  constructed  (see  Figure  4)  containing 
six  pairs  of  vertically  and  horizontally  oriented  square- 
wave  gratings  (Donohue-Perry,  Task  and  Dixon,  1994), 
While  looking  through  the  NVGs  at  the  pattern  from  a 
distance  of  30  ft,  the  observer  selected  the  smallest 
resolvable  target  pair.  Then  the  observer  would  slowly 
step  backwards  until  the  selected  target  pair  was  no  longer 
resolvable.  The  observer  then  stepped  forward  until  the 
square-wave  pair  could  barely  be  resolved.  This  final 
viewing  distance  was  then  used  to  calculate  the  exact 
Snellen  acuity  of  the  selected  target  pattern.  The  spatial 
frequencies  of  the  square-wave  patterns  were  sufficiently 
close  together  in  spatial  frequency  that  the  observer  would 
not  have  to  step  back  more  than  3  ft  (10%  of  the  baseline 
viewing  distance)  thereby  minimizing  the  effect  of 
possible  objective  lens  misfocus. 

The  step-back  method  eliminated  the  problem  of  step 
sizes  between  target  patterns  by  making  the  angular 
subtense  of  the  square-wave  pattern  a  continuous  variable. 
When  doing  an  NVG  resolution  evaluation  measurements 
were  typically  repeated  several  times  (e.g.  5)  for  3  trained 
observers  and  then  averaged  to  determine  the  final  value. 
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Figure  4.  Example  of  the  square-wave  chart  used  in  the 
step-back  method. 

Landolt  C 

Another  assessment  method  uses  Landolt  C  stimuli 
(National  Academy  of  Sciences,  1980).  The  Landolt  C  is 
a  perfectly  circular  C  (no  serifs)  that  has  a  specified 
contrast  and  gap  size.  The  gap  size  is  varied  as  is  the 
orientation.  The  observer’s  task  is  to  detect  the 
orientation  of  the  gap.  Pinkus  and  Task  (1997)  used 
closely  sized  Landolt  C  stimuli  in  a  two-alternative, 
forced-choice  (2AFC)  method  to  determine  visual  acuity 
through  NVGs  as  a  function  of  night-time  ambient 
illumination  levels.  A  computer  executed  the  2AFC  (gap 
seen  up  or  down),  Step  Program  adapted  from  Simpson 
(1989).  Based  on  the  observer’s  last  response,  the 
program  selected  the  specific  gap  size  (smaller  or  larger) 
of  die  next  Landolt  C  to  be  presented,  according  to  a 
priori  rules  inherent  in  the  algorithm.  This  method 
allowed  relatively  efficient  convergence  to  a  threshold 
acuity  usually  within  10  to  35  trials.  The  step  method 
yielded  reasonable  results  but  informal  repeatability  tests 
found  that  the  observer’s  scores  varied  from  day  to  day. 
These  variations  could  be  due  to  a  number  of  variables: 
working  at  threshold  levels,  NVG  drift,  good  guessing  in 
the  2AFC  method,  fatigue,  eye  strain,  sinus  headaches 
and  so  on. 

METHOD 

Psychometric  Function  of  Acuity  Through  NVGs 
Probit  analysis  (Finney,  1980)  provides  a  method  by 
which  to  fit  a  smooth  s-curve  through  empirically  derived 
probabilistic  data.  The  threshold  acuity  of  a  trained 
observer  may  be  determined  by  first  measuring  the 
probability  of  correct  responses  (the  location  of  a  Landolt 
C’s  gap)  as  a  function  of  gap  size.  In  order  to  reduce  the 
effects  of  “good  guessing”,  we  used  a  four-alternative, 
forced-choice  (4AFC)  presentation  of  Landolt  C’s  where 
the  observer  had  to  state  if  the  gap  was  oriented  up,  down, 
left  or  right.  The  probabilities  of  the  resulting  s-curve,  or 
ogive  function,  were  then  converted  to  z-scores  and  a 
straight  line  was  fit  to  the  data.  When  the  z-score  data 
were  converted  back  to  their  equivalent  probabilities  and 
replotted,  the  line  formed  a  smooth,  s-shaped  curve 
through  the  data.  Depending  on  the  number  of  possible 
outcomes  in  a  particular  forced-choice  paradigm,  the  floor 
of  the  curve  was  usually  near  chance  levels  (25%  for 


4AFC).  As  gap  size  increased,  the  probability  of  correct 
detection  of  its  orientation  increased  until  it  asymptotes  at 
the  100%  correct  level.  Though  arbitrarily  selected,  the 
acuity  (or  any  other  quantity)  is  conventionally  defined  as 
the  value  that  corresponds  with  the  probability  point  that 
is  half  way  between  chance  and  100%  correct  (Brown, 
Galanter,  Hess  and  Mandler,  1962).  This  point  is  at  the 
62.5%  probability  level  for  the  4AFC  presentation.  The 
present  study  derived  visual  acuity  through  NVGs  by 
measuring  this  psychometric  function. 

Participants 

The  three  participants  in  this  study  were  highly  trained 
psychophysical  observers,  two  males  and  one  female, 
ranging  in  ages  from  36  to  47  years. 

Apparatus  and  Stimuli 

The  study  utilized  a  set  of  ITT  Model  F4949C  (serial 
#0356)  NVGs  that  had  P-43  phosphor  (green)  image 
intensifier  tubes.  The  goggles  had  a  gain  (Hoffman)  of 
about  5000  as  measured  by  a  Hoffman  ANV-120  Night 
Vision  Goggle  Test  Set.  With  the  room  lights  off  and  the 
NVGs  on,  the  observer  first  adjusted  the  interpupillary 
distance  (IPD)  of  the  goggles.  Next  they  adjusted  the 
eyepiece  lenses  by  looking  at  the  dark  ceiling  with  the 
goggles  and  focusing  until  the  scintillation  looked  sharp. 
Objective  lenses  were  then  focused  by  viewing  an 
approximately  one-half  moon  illuminated  NVG  resolution 
chart  (see  Fig.  2)  composed  of  square-wave  gratings 
(Task  and  Genco,  1986). 

All  observations  were  made  in  a  light-tight  room. 
The  observer  sat  in  a  chair  behind  a  table  with  their  eyes 
9.14  m  (30  ft)  from  the  stimulus  target.  The  NVGs  were 
held  in  a  mount  at  the  proper  height  for  viewing  while  the 
observer  was  seated.  The  goggles  were  powered  using  a 
regulated  external  power  supply. 

The  stimuli  were  high  contrast  (70%  Michelson) 
Landolt  C’s  (National  Academy  of  Sciences,  1980) 
printed  using  a  high  resolution  photo-grade  laser  printer. 
After  the  study,  tire  observers’  data  were  converted  to 
Snellen  acuity  (20/xx).  The  C’s  were  mounted  on  18  x  18 
cm  (7  x  7  in.)  foam  board.  For  presentation,  the  C  was 
placed  onto  a  larger  surround  board  61  x  61  cm  (24  x  24 
in.)  that  matched  the  high  contrast  Landolt  C  background 
reflectance.  The  background  board  was  held  on  an  easel 
and  had  a  small  ledge  that  held  the  letter  C  in  the  center. 
This  ledge  was  invisible  when  viewed  through  NVGs. 
The  C  was  then  placed  by  the  experimenter  onto  the  ledge 
with  the  gap  oriented  either  up,  down,  left  or  right.  The 
experimenter’s  station  was  to  the  side  of  the  stimulus 
easel. 

An  adjustable  2856K  color  temperature  incandescent 
lamp  (MIL-L-8576A,  1986)  was  used  to  produce  the 
different  illumination  levels.  Apertures  were  used  to  vary 
illumination  intensity  without  affecting  the  color 
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temperature.  Table  1  shows  the  five  illumination  levels 
and  the  five  corresponding  luminance  outputs  from  the 
NVG  eyepieces  used  for  the  study.  The  lowest  level  is 
approximately  equivalent  to  1/100*  full  moon  (RCA 
Electro-Optics  Handbook,  1974),  Each  succeeding  level 
is  approximately  double  that  of  the  previous  level  to  form 
the  five  illumination  levels.  Another  lamp,  set  to  about 
one-half  moon  illumination  of  l.SxlO'1  lux  (1.2xl0‘2  fc) 
was  used  to  illuminate  an  NVG  resolution  target  (Task 
and  Genco,  1986)  during  pretest  goggle  focusing. 

Table  1.  The  five  illumination  levels  used  in  the  study 
and  their  corresponding  NVG  output  luminances. 


Illumination 
on  Landolt  C 

NVG  Output 
Luminance 

8.61xl04  lux 

0356  nit 

(B.OOxlO'5  fc) 

(0.104  fL) 

1.72xl0'3  lux 

0.709  nit 

(1.60xl0-4fc) 

(0.207  fL) 

3,44xl0'3  lux 

1.398  nit 

(3.20xl04  fc) 

(0.408  fL) 

6.89x1  O'3  lux 

2.720  nit 

(6.40xl04  fc) 

(0.794  fL) 

1.38x1  O’2  lux 

4324  nit 

(1.28xl0'3fc) 

(1.262  fL) 

Procedure 

First  the  observer  was  partially  dark  adapted  to  the  goggle 
output  luminance  for  about  10  minutes.  The  stimulus  was 
blocked  from  the  observer’s  view  by  the  experimenter 
when  the  stimulus  was  placement  onto  the  easel.  The 
experimenter  asked  the  observer  if  he  or  she  was  ready, 
unblocked  the  stimulus  for  about  4  seconds,  then  blocked 
it  again.  The  observer  had  to  respond  either  “up,  down, 
left,  right”  to  indicate  the  orientation  of  the  C.  No 
feedback  was  given  to  the  observer.  The  experimenter 
then  removed  the  stimulus  and  placed  the  next  stimulus 
size,  at  a  randomized  orientation,  onto  the  easel.  The 
procedure  was  repeated  until  all  112  stimuli  were 
presented  requiring  about  55  minutes.  One  lighting  level 
was  tested  per  day  for  each  observer. 


RESULTS 

Each  of  the  four  Landolt  C  orientations  was  repeated  four 
times  yielding  16  trials  per  Landolt  C  size.  Each  observer 
performed  16  trials  for  each  combination  of  Snellen 
acuity  and  illuminance  (8.61X10"4,  1.72xl0‘3,  3.44xl03, 
6.89x10°  and  1.38xl0‘2  lux).  There  were  seven  levels  of 
Landolt  C  sizes  used  for  each  level  of  illuminance.  The 
acuity  ranges  (Landolt  C  sizes)  used  for  each  illumination 
level  were  selected  from  pilot  data.  Four  orientations, 
repeated  four  times,  for  seven  gap  size  values,  over  five 
levels  of  illuminance  and  using  three  observers  yielded  a 
total  of  1680  data  points  for  the  study.  The  percent  of 


trials  correctly  identified  was  determined  for  each 
combination  of  observer,  illuminance  and  acuity  (N=16). 

Chance  alone  would  result  in  25%  correctly 
identified  trials.  It  is  assumed  that  percents  that  are  less 
than  25%  would  approach  25%  given  a  sufficient  number 
of  trials.  The  percents  were  transformed  to  adjust  for 
chance.  The  procedure  for  this  transformation  is  as 
follows: 

Let:  P  =  percent  of  correct  trials 

PA  =  percent  of  correct  trials  adjusted  for  chance 

(1)  ifP  <  25  then  P  =  25 

(2)  PA  =  (P-2 5)  *100/7 5 

Certain  percents  were  not  used  for  modeling.  The 
rational  for  selecting  percents  used  for  modeling  was  to 
start  with  the  last  value  =  0  (if  applicable)  and  end  with 
Has  first  value  =  100  (if  applicable). 

These  percents  were  converted  to  normal  equivalent 
deviates10  (NED).  An  NED  is  the  value  of  a  standard 
normal  variable  whose  cumulative  probability  (expressed 
as  a  percent)  would  equal  the  percent  adjusted  for  chance. 
Since  an  NED  can  not  be  computed  for  0%  or  100%,  0% 
was  set  equal  to  1%  and  100%  was  set  equal  to  99%.  The 
NED  values  were  used  as  the  dependent  variable  in  a 
linear  regression  with  acuity  (gap  size)  as  the  independent 
variable  (a  linear  relationship  is  assumed). 

The  estimated  linear  equation,  NED  =  b0+b,  *acuity, 
was  expanded  to  the  full  range  of  acuity  used  for  each 
illuminance.  The  predicted  NED  was  then  transformed 
back  to  percents.  For  each  illuminance  and  observer,  the 
acuity  that  corresponded  with  predicted  50,  75  and  95 
percent  correct  trials  adjusted  for  chance  were 
determined.  Results  are  shown  in  Table  2. 

Table  2.  Snellen  acuity  values  (20/xx)  corresponding  to 
predicted  50,  75,  and  95  percent  correct  trials  adjusted  for 
chance,  for  each  illuminance  and  observer. 


Illuminance  (lux) 

Obs 

50% 

75% 

95% 

8.61X10"4 

SI 

30.6 

36.1 

44.0 

S2 

35.0 

40.0 

47.2 

S3 

32.1 

36.0 

41.6 

1.72xl0'3 

SI 

26.0 

29.0 

333 

S2 

23.2 

26.0 

30.1 

S3 

27.7 

30.4 

34,2 

3.44x1  O'3 

SI 

24.8 

27.9 

32.4 

S2 

21.8 

25.8 

31.5 

S3 

23.9 

27.8 

33.3 

6.89x1 0'3 

SI 

22.0 

26.1 

32.1 

S2 

23.5 

27.4 

|  33.0 

S3 

22.5 

24.0 

I  26.2 

1.3  8x1 0'2 

SI 

23.0 

25.1 

!  28,0 

32 

21.1 

23.3 

26.5 

S3 

21.1 

23.7 

27.4 

The  same  procedure  for  determining  the  predicted 
percent  of  correct  trials  adjusted  for  chance  that  was 
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performed  for  each  illuminance  and  observer  was  also 
performed  for  each  illuminance  averaged  across 
observers.  Table  3  contains  the  percent  of  trials  correctly 
identified  for  each  combination  of  illuminance  and  acuity. 
Table  4  contains  the  percent  of  correct  trials  adjusted  for 
chance.  Table  5  contains  the  acuity  values  corresponding 
to  predicted  50,  75  and  95  percent  correct  trials  adjusted 
for  chance.  Figure  5  contains  plots  of  NED  regressed  n 
acuity  for  each  illuminance  and  Figure  6  contains  plots  of 
the  predicted  percents. 


Table  3.  Percent  of  correct  trials  (N=48)  for  each 
illuminance  and  Snellen  acuity  (20/xx). _ 


Illuminance 

(lux) 

Acuity 

(20/xx) 

Percent 

Correct 

8.6  lxl  O'4 

30.6 

58 

32.5 

54 

34.4 

77 

36.3 

77 

1  38.2 

83 

40.1 

79 

42.0 

96 

1.72x10'* 

19.1 

29 

22.9 

54 

26.7 

65 

28.6 

75 

32.5 

96 

36.3 

100 

38.2 

98 

3 .44x1  O'3 

19.1 

42 

22.9 

56 

26.7 

83 

28.6 

81 

32.5 

96 

36.3 

100 

38.2 

100 

6.89x10* 

19.1 

46 

21.0 

48 

22.9 

65 

24.8 

71 

26.7 

83 

28.6 

92 

30.6 

96 

1-38x10'* 

19.1 

40 

21.0 

69 

22.9 

71 

24.8 

85 

26.7 

92 

28.6 

98 

30.6 

98 

Table  4.  Percent  of  correct  trials  (N=48)  adjusted  for 
chance,  for  each  illuminance  and  Snellen  acuity  (20/xx). 


Percents  in  italics  were  not  used  for  modeling. 


Illuminance 

(lux) 

Acuity 

(20/xx) 

Percent 

Correct 

8.61x10"* 

30.6 

44 

32.5 

39 

34.4 

69 

36.3 

69 

38.2 

78 

40.1 

72 

42.0 

94 

1.72x1  O'3 

19.1 

6 

22.9 

39 

26.7 

53 

28.6 

67 

32.5 

94 

36.3 

100 

38.2 

97 

3.44xl0'3 

19.1 

22 

22.9 

42 

26.7 

78 

28.6 

75 

32.5 

94 

36.3 

100 

38.2 

100 

6.89x1  O'3 

19.1 

28 

21.0 

31 

22.9 

53 

24.8 

61 

26.7 

78 

28.6 

89 

30.6 

94 

1.38xl0'2 

19.1 

19 

21.0 

58 

22.9 

61 

24.8 

81 

26.7 

89 

28.6 

97 

30.6 

97 

Table  5.  Snellen  acuity  values  (20/xx)  corresponding  to 
predicted  50,  75,  and  95  percent  correct  trials  adjusted  for 
chance,  for  each  illuminance. _ 


Illuminance  (lux) 

50% 

75% 

95% 

8.61x10-' 

32.6 

37.5 

44.7 

1.72x1  O'3 

25.8 

28.8 

33.2 

3. 44x1  O'3 

23.6 

27.4 

32.8 

6.89x1 0'3 

22.8 

26.2 

31.0 

1.38x1  O'3 

21.5 

24.3 

28.4 

The  data  presented  in  this  results  section  up  to  this 
point  were  all  collected  as  part  of  experiment  2  which 
used  3  trained  observers.  In  preparation  for  experiment  2, 
data  were  collected  on  2  observers  using  the  same 
methodology.  Table  6  and  Figure  7  shows  the  data  for 
these  2  observers  for  the  2  data  collection  sessions.  This 
provides  some  indication  of  the  repeatability  of  the 
procedures  described  herein. 
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Table  6.  Visual  acuity  results  for  50%  probability  level 
for  2  observers  and  2  experiments. _ 


Illumination  Level  (lux) 

Observer 

8.61E-G4 

1J2E-03 

3.44E-03 

6.89E-03 

138E-02 

02-1 

35.2 

25.6 

24 

23.3 

21.2 

02-2 

35.0 

23,2 

21.8 

23.5 

21.1 

03-1 

36.1 

28.3 

28.5 

23.8 

20,5 

03-2 

32.1 

27,7 

23,9 

22,5 

21.1 

Figure  7.  Comparison  of  visual  acuity  vs.  illumination 
for  2  observers  (S2  and  S3)  for  two  experiments. 


DISCUSSION 

The  results  of  Table  5  showing  averaged  (across  the  3 
observers)  visual  acuity  data  for  the  5  illumination  levels 
does  indicate  the  satisfying  result  that  one  would  expect: 
namely,  that  visual  acuity  gets  worse  (higher  number)  as 
illumination  level  is  reduced.  This  result  holds  for  the  3 
different  probability  levels  shown  in  Table  5  (50%,  75%, 
and  95%).  However,  this  does  mask  the  difference  in 
visual  acuity  measured  for  the  different  observers.  Table 
6  shows  a  comparison  of  the  50%  probability  visual 
acuity  for  2  of  the  observers  that  participated  in  both  this 
main  experiment  and  a  pilot  experiment  done  earlier  to 
establish  procedures.  It  is  apparent  from  Table  6  that 
there  is  a  fairly  large  difference  between  the  2  observers 
at  the  lower  illumination  levels.  At  higher  illumination 
levels  the  observer's  performance  converges  both  between 
the  observers  and  between  the  two  data  collection 
sessions  (experiment  1  and  2)  graphically  shown  in  Figure 
7. 

It  is  apparent  from  the  graphs  of  Figures  5  and  6  that 
more  presentation  trials  are  needed  to  improve  the 
smoothness  of  the  "frequency-of-seeing"  curves. 
However,  the  basic  approach  appears  to  be  sound  and 
should  provide  a  good  baseline  for  assessing  visual  acuity 
using  other,  less  time-consuming,  methodologies. 


Equipment  and  procedures  are  being  designed  to  semi¬ 
automate  data  collection  to  obtain  the  "frequency-of- 
seeing"  curves  faster.  Once  this  is  done,  we  expect  to 
compare  NVG  visual  acuity  using  some  of  the  widely 
used  methodologies,  such  as  the  tri-bar  chart  and  the 
square-wave  chart,  to  specific  probability  levels  on  the 
frequency-of-seeing  curves.  The  procedure  would  be  to 
establish  a  frequency-of-seeing  curve  for  a  particular 
observer  using  a  particular  NVG.  Then  measure  the  NVG 
visual  acuity  of  the  same  observer  using  the  tri-bar  chart 
and  the  square-wave  chart.  By  comparing  each  of  these 
NVG  visual  acuities  to  the  frequency-of-seeing  curve  it 
should  be  possible  to  determine  what  probability  level 
equates  to  the  tri-bar  chart  procedure  and  the  square-wave 
chart  procedure. 
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ABSTRACT 

The  main  purpose  of  the  study  was  to  determine 
reproducibility  limits  of  night  vision  goggle  (NVG)  visual 
acuity  measurement  under  relatively  high  and  low 
illumination  levels.  Psychometric  acuity  functions  of 
three  observers  were  repeatedly  measured  using  Landolt 
C’s  as  stimuli.  The  reproducibility  limits  of  the  Snellen 
acuity  value  (20/xx)  relating  to  50,  75  and  95%  correct 
(adjusted  for  chance)  were  then  determined. 
Reproducibility  limit  is  defined  as  approximately  95%  of 
all  pairs  of  replications  (20/xx)  from  the  same  illuminance 
and  same  observer,  generated  on  different  days,  should 
differ  in  absolute  value  by  less  than  the  reproducibility 
limit.  It  was  determined  that  for  the  lower  illumination 
(8.6 IE-4  lux)  at  50%  corrected  for  chance  probability 
level,  the  reproducibility  limit  was  5.1  Snellen  acuity 
(20/xx)  and  for  the  higher  illumination  (1.38E-2  lux),  2.5 
Snellen  acuity.  These  limits  were  17%  and  13%  of  mean 
acuity,  respectively. 

INTRODUCTION  and  BACKGROUND 

There  are  numerous  methods  used  to  determine  night 
vision  goggle  (NVG)  visual  acuity  (Pinkus  &  Task, 
1998);  limiting  resolution  (Stefanik,  1994;  Task,  1979), 
Snellen  Acuity  (Bailey  &  Lovie,  1976;  Wiley,  1989; 
Miller,  Provines,  Block,  Miller  &  Tredici,  1984),  square- 
wave  targets  (Task  &  Genco,  1986),  Landolt  C’s  (Pinkus 
&  Task,  1997),  adaptive  psychophysical  (Simpson,  1989) 
and  directly  measuring  the  psychometric  function  (Pinkus 
&  Task,  1998;  Brown,  Galanter,  Hess,  &  Mandler,  1962). 
Each  method  produces  a  number  that  is  composed  of  the 
actual  acuity  value  plus  error.  There  can  be  many  sources 
of  error  but  the  largest  are  the  method  itself  and  the 
inherent  variability  of  the  observer  while  working  under 
threshold  conditions.  Observer  variability  is  reduced  to  a 
minimum  through  extensive  training,  testing  the  same 


time  everyday  and  shortened  sessions  in  order  to  reduce 
eye  fatigue.  Additionally,  even  though  observers  are 
given  specific  instructions,  response  criteria  also  vary 
among  or  within  observers;  even  over  the  course  of  a 
single  experimental  session.  To  eliminate  the  criteria 
problem ,  Pinkus  &  Task  (1998)  used  Landolt  C’s  in  a 
four-alternative  forced-choice  (4AFC)  paradigm  to 
measure  the  entire  psychometric  function.  This  paradigm 
allowed  for  any  desired  response  criterion  level  (e.g,,  50% 
or  75%  corrected  for  chance,  probability  of  detection)  to 
be  selected  for  the  prediction  of  NVG  visual  acuity 
performance. 

The  goal  in  this  study  was  to  select  a  stable  method  and 
then  determine  its  reproducibility  (ASTM  Practice  E  691). 
Reproducibility  represents  observation-to-observation 
variability  under  a  given  set  of  viewing  conditions. 
Directly  measuring  the  psychometric  function  should 
keep  variability  due  to  the  test  method  to  a  minimum. 
Determining  reproducibility  will  allow  the  use  of  this  test 
method  to  determine  NVG  visual  acuity  with  a  known 
error  tolerance.  The  interpretation  of  visual  acuity  data  is 
investigated  in  the  discussion  section. 

METHOD 

Participants 

The  trained  observers  were  one  female  and  two  males 
highly  experienced  with  the  operation  of  NVGs.  They 
ranged  in  age  from  37  to  47  years,  each  having  normal 
(20/20)  or  eorrected-to-normai  binocular  visual  acuity. 

Apparatus  and  Stimuli 

NVGs  -  Participants  viewed  the  target  stimuli  using  a  pair 
of  ITT  model  F4949D  (SN  3872)  NVGs.  The  goggles  had 
a  gain  of  approximately  5600  as  measured  using  the 
Hoffman  ANV-120  NVG  Test  Set.  Before  the  start  of 
each  test  session,  the  optical  alignment  of  the  NVGs  was 
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verified  using  the  Hoffman  ANV-126  Night  Vision 
Tester. 

Each  test  session  was  conducted  in  a  light-tight 
laboratory.  The  observer  was  seated  at  an  optical  table 
with  the  NVGs  secured  in  a  stationary  mount  directly  in 
front  of  them.  The  observer  was  able  to  adjust  their  seat  to 
the  proper  height  for  viewing  through  the  NVGs.  An 
external  regulated  power  supply  was  used  to  energize  the 
goggles. 

At  the  beginning  of  each  test  session  the  observer  would 
set  up  and  pre-focus  the  NVGs  using  the  following 
procedure.  After  dark-adapting  for  15  minutes,  the  NVGs 
were  powered  on  and  the  observer  adjusted  the  inter¬ 
pupillary  distance  until  a  fused  circular  image  was  visible. 
The  observer  (using  their  dominant  eye)  focused  one 
channel  at  a  time.  The  observer  first  focused  on  the  green 
scintillation  by  looking  at  the  ceiling  and  adjusting  the 
eyepiece  until  the  focus  of  the  scintillation  was  as  sharp  as 
possible.  Next,  the  observer  focused  the  corresponding 
objective  lens  by  viewing  the  3  x  3A,  NVG  high-contrast 
square- wave  resolution  chart  (Task  and  Genco,  1986) 
located  at  a  30  ft  distance  (optical  infinity).  The  objective 
lenses  were  pre-focused  using  the  highest  illumination 
level  (1.38  x  10-2  lux).  A  higher  illumination  level  allows 
the  observer  finer,  low  noise  focusing.  The  observer  chose 
the  finest  grating  clearly  resolvable  and  adjusted  the 
objective  lens  to  the  sharpest  focus  possible.  If  necessary, 
the  observer  fine  tuned  the  eyepiece  while  viewing  the 
chart.  These  steps  were  repeated  for  the  second  channel. 

Illumination  source  and  Illumination  levels  -  Table  1 
shows  the  illumination  levels  and  corresponding  NVG 
eyepiece  luminance  outputs.  The  lowest  illumination  level 

Table  1.  The  two  illumination  levels  (average)  and 
corresponding  NVG  output  luminances  (average)  for  this 
study. 


ILLUMINATION 
ON  LANDOLT  C 

NVG  OUTPUT 
LUMINANCE 

8.61xl0'4  lux 
(8.00x1 0’5  fc) 

0.356  nit 
(0.104  fL) 

1.38x10*  lux 
(1.28xl0'3  fc) 

4.324  nit 
(1.262  fL) 

is  approximately  equivalent  to  1/300*  full  moon  (RCA 
Electro-Optics  Handbook,  1974,  p.  65)  while  the  highest 
illumination  level  is  16  times  brighter.  The  low 
illumination  level  corresponds  to  a  practical  lower  limit 
under  which  goggles  are  used  in  the  field.  The  higher 
level  corresponds  to  an  approximate  lA  moon  level.  Target 
stimuli  were  illuminated  by  one  or  two  moon  illumination 


lamps  outfitted  with  adjustable  2856K  color  temperature 
incandescent  bulbs  (MIL-L-8576A,  1986).  Metal 

apertures  were  used  to  achieve  the  two  illumination 
levels.  Using  apertures  to  vary  illumination  intensity  did 
not  affect  the  2856K  color  temperature.  The  target 
illumination  levels  were  measured  and  adjusted  prior  to 
each  test  session.  The  goggle  output  luminances  were 
measured  using  a  NVG  photometer  (Pinkus,  1991). 

Landolt  C  test  stimuli  and  automated  data  recording 
device  -  Test  stimuli  were  Landolt  C’s.  The  C’s  were 
printed  using  a  high  resolution,  photo-grade  laser  printer. 
They  were  high  contrast  (67%  photopic,  Michelson; 
Farrell  &  Booth,  1984)  Landolt  C’s  (National  Academy 
of  Sciences,  1980)  printed  using  a  high  resolution,  photo¬ 
grade  laser  printer.  The  print  out  of  each  target  was 
mounted  on  18  cm  x  18  cm  (7”  x  7”)  squares  of  foam 
board.  Each  target  varied  in  gap  size  and  represented, 
when  converted,  a  specific  Snellen  visual  acuity  value 
(20/xx).  The  back  of  each  target  was  labeled  with  four 
different  bar  code  patterns.  Each  bar  code  contained 
identification  information  such  as  target  number,  type, 
contrast,  gap  orientation  and  corresponding  visual  acuity 
(20/xx).  On  each  experimental  trial,  a  Landolt  C  was 
placed  in  the  center  of  a  larger  foam  board  surround  56 
cm  x  56  cm  (22”  H  x  22”  L).  The  surround  had  the  same 
reflectance  as  the  background  of  the  Landolt  C’s.  This 
surround  was  secured  to  the  front  of  a  black  light-tight 
wooden  box.  The  box  measured  66  cm  H  x  56  cm  W  x 
36  cm  L  (26  H  x  22”  W  x  14”  L)  and  sat  on  top  of  a 
stand.  This  box  housed  a  bar  code  scanner/reader  used  to 
automate  the  recording  of  Landolt  C  target  information. 
The  light-tight  box  prevented  the  incompatible  red  laser 
beam  from  the  bar  code  scanner  from  affecting  the  NVGs. 
The  bar  code  reader  connected  directly  to  a  computer  at 
the  experimenter’s  station.  The  entire  set  up  was 
positioned  at  914  cm  (30  feet)  or  optical  infinity  from  the 
observer.  A  four  button  response  box  located  next  to  the 
observer  was  also  connected  to  the  computer.  The 
observer  used  the  buttons  to  indicate  the  orientation  of  the 
Landolt  C  gap  (up,  down,  left  or  right).  The  computer 
recorded  the  button  press  response  and  Landolt  C  bar 
code  information  as  well  as  other  pertinent  information. 

Procedure 

Three  trained  observers  participated  in  this  study.  Each 
observer  completed  2  sessions  per  day  on  each  of  3  days. 
Each  session  (140  randomized  trials)  used  an  illumination 
level  of  either  8.61E-04  or  1.38E-2  lux  (target  background 
reflectance’s  were  5.64E-5  and  9.03E-4  lux,  respectively). 
At  the  beginning  of  each  test  session,  the  observer  dark- 
adapted  for  approximately  15  minutes.  The  observer  then 
turned  on  and  focused  the  NVGs.  For  each  trial,  the 
experimenter,  using  pre-determined  randomized  stimuli 
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ordering,  placed  a  Landolt  C  onto  a  small  ledge  on  the 
surround  and  kept  it  blocked  from  the  observers  view. 
This  ledge  centered  the  SC’  and  was  not  noticeably  visible 
when  viewed  through  the  NVGs.  The  experimenter 
pressed  a  switch  to  scan  the  bar  code  on  the  back  of  the 
target.  The  experimenter  would  then  move  away  from  the 
Landolt  C  and  the  observer  had  about  four  seconds  to 
view  the  stimulus.  At  the  end  of  the  four-second  interval 
the  computer  would  beep  an  alarm  and  the  experimenter 
would  immediately  block  the  stimulus  from  the 
observer’s  view.  The  observer  would  press  the 
appropriate  button  on  the  response  box  to  indicate  what 
direction  the  gap  was  oriented:  up,  down,  left  or  right. 
The  observer  was  not  provided  with  any  feedback  on  their 
performance.  This  sequence  of  events  was  repeated  until 
140  trials  were  completed  (7  Landolt  C  target  sizes  x  4 
orientations  x  5  repetitions  of  each  orientation).  The  7 
target  sizes  are  Snellen  acuity  values  (i.e.,  20/xx). 

RESULTS 

Probit  analysis  was  used  to  determine  the  observer’s 
acuity,  for  each  replication,  that  corresponded  with  50%, 
75%,  and  95%  correct  adjusted  for  chance.  These  acuity 
values  were  then  used  to  determine  the  reproducibility 
limit  as  previously  defined. 

Table  2  contains  the  percent  of  correctly  identified 
orientations  out  of  the  20  trials  (4  orientations  x  5 
repetitions)  for  each  combination  of  illuminance, 
observer,  acuity,  and  replication.  Chance  alone  would 
result  in  25%  correctly  identified  trials.  It  is  assumed  that 
percents  that  are  less  than  25%  would  approach  25%  with 
a  sufficient  number  of  trials.  The  percents  were 
transformed  to  adjust  for  chance.  The  procedure  for  this 
transformation  was  as  follows: 


Let:  P  -  percent  correct  trials 

Pa  =  percent  correct  trials  adjusted  for  chance 

(1)  if  P  <  25  then  P  =  25 

(2)  PA  =  (P-25)  *100/75 

For  probit  analysis,  adjusted  percents  are  converted  to 
normal  equivalent  deviates  (NED).  An  NED  is  the  value 
of  a  standard  normal  variable  whose  cumulative 
probability  (expressed  as  a  percent)  would  equal  the 
percent  correct  adjusted  for  chance.  The  NED  values  are 
then  used  as  the  dependent  variable  in  a  linear  regression 
with  acuity  as  the  independent  variable,  where  a  linear 
relationship  is  assumed  (Finney,  1980),  The  estimated 
NED=b0+b  i  vacuity  is  then  transformed  back  to  percents. 
The  resulting  estimates  of  PA  form  a  curvilinear  function. 

If  there  is  a  range  of  acuity  values  where  PA  is  near  0  or 
PA  is  near  100,  the  relationship  between  NED  and  acuity 
will  not  be  linear.  The  rationale  for  selecting  percents 
used  for  modeling  was  to  start  with  the  largest  acuity 
value  where  the  observer  was  guessing  (correct  <  7  out  of 
20  was  used)  if  applicable,  and  end  with  the  smallest 
acuity  value  where  PA=100,  if  applicable.  Since  an  NED 
cannot  be  computed  for  0%  or  100%,  0%  was  set  to  1% 
and  100%  was  set  to  99%.  Correct  <  7  was  used  as  a 
‘guessing’  cutoff  since  the  probability  of  8  <  Correct  is 
0.10  by  chance  alone.  Table  3  contains  the  percent  of 
correctly  identified  orientations  out  of  the  20  trials  (4 
orientations  x  5  repetitions),  adjusted  for  chance,  for  each 
combination  of  illuminance,  observer,  acuity,  and 
replication.  Results  of  NED  regressed  on  acuity  are 
shown  in  Figures  la  and  lb. 


Table  2.  Percent  correct  trials  (N— 20)  for  each  illuminance,  observer,  acuity,  and  replication. 


Observer  #1 

Observer  #2 

Observer  #3 

Snellen 

%  Correct 

Snellen 

%Correct 

Snellen 

%  Correct 

Hiuminance 

flux) 

Acuity 

(20/xx) 

Replication 
12  3 

Acuity 

(20/xx) 

Replication 
12  3 

Acuity 

(20/xx) 

Replication 
12  3 

24.8 

55 

35 

45 

— 

35 

65 

45 

26.7 

— 

50 

47 

26,7 

20 

50 

45 

WESM 

45 

45 

55 

28,6 

ua 

■i 

48 

28.6 

65 

37 

75 

28.6 

50 

60 

70 

50 

70 

55 

8.61E-4 

30.6 

65 

45 

85 

90 

70 

80 

60 

85 

90 

32,5 

90 

58 

90 

32.5 

80 

80 

85 

34.4 

75 

80 

89 

34.4 

fTTil 

85 

95 

34,4 

70 

95 

75 

90 

75 

95 

36.3 

100 

75 

100 

36.3 

90 

85 

90 

100 

95 

95 

13.4 

30 

45 

20 

13.4 

25 

20 

20 

13.4 

35 

15 

30 

15.3 

20 

30 

45 

15.3 

30 

40 

50 

35 

25 

30 

17.2 

35 

55 

45 

17,2 

50 

50 

60 

35 

55 

45 

1.38E-2 

19,1 

70 

75 

45 

19.1 

80 

45 

85 

19.1 

75 

80 

70 

21,0 

75 

85 

85 

21,0 

95 

80 

65 

21,0 

90 

100 

100 

22,9  : 

65 

85 

Inal 

22.9 

100 

95 

Billl 

90 

100 

100 

24.8 

85 

85 

95 

24.8 

100 

80 

80 

24.8 

100 

100 

100 
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Normal  Equivalent  Deviate 


Table  3.  Percent  correct  trials  (N=20),  adjusted  for  chance,  for  each  illuminance, 
observer,  acuity,  and  replication.  Percents  in  italic  were  not  used  for  modeling. 


Observer  #1 

Observer  #2 

Observer  #3 

Snellen 

Acuity 

(20/xx) 

%  Correct 

Snellen 

Acuity 

(20/xx) 

%  Correct 

Snellen 

Acuity 

(20/xx) 

%  Correct 

Illuminance 

(lux) 

Replication 

1  2  3 

Replication 
12  3 

Replication 

1  2  3 

24.8 

40 

13 

27 

24.8 

13 

53 

27 

26.7 

13 

33 

30 

26.7 

0 

33 

27 

26.7 

27 

27 

40 

28.6 

0 

27 

30 

28.6 

53 

16 

67 

28.6 

33 

47 

60 

30.6 

33 

60 

40 

8.61E-4 

30.6 

53 

27 

80 

30.6 

87 

60 

73 

32.5 

47 

80 

87 

32.5 

87 

44 

87 

32.5 

73 

73 

80 

34.4 

67 

73 

86 

34.4 

100 

80 

93 

34.4 

60 

93 

67 

36.3 

87 

67 

93 

36.3 

100 

67 

100 

36.3 

87 

80 

87 

38.2 

100 

93 

93 

13.4 

7 

27 

0 

13.4 

0 

0 

0 

13.4 

13 

0 

7 

15.3 

0 

7 

27 

15.3 

1 

20 

33 

15.3 

13 

0 

7 

17.2 

13 

40 

27 

17.2 

33 

33 

47 

17.2 

13 

40 

27 

1.38E-2 

19.1 

60 

67 

27 

19.1 

73 

27 

80 

19.1 

67 

73 

60 

21.0 

67 

80 

80 

21.0 

93 

73 

53 

21.0 

87 

100 

100 

22.9 

53 

80 

100 

22.9 

100 

93 

73 

22.9 

87 

100 

100 

24.8 

80 

80 

93 

24.8 

100 

73 

73 

24.8 

100 

100 

100 

Snellen  Acuity  (20/xx) 


Figure  la.  For  illuminance  =  8.61E-4  lux,  results  of  NED 
regressed  on  acuity  for  each  observer  and  replication. 


Figure  lb.  For  illuminance  =  1.38E-2  lux,  results  of  NED 
regressed  on  acuity  for  each  observer  and  replication. 
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The  estimated  NED  =  bo+bj  vacuity,  as  shown  in  Figures 
la  and  lb,  was  transformed  back  to  percents.  For  each 
illuminance,  observer,  and  replication,  the  acuity  that 
related  to  predicted  50,  75,  and  95  percent  correct 
adjusted  for  chance  was  determined.  Plots  of  the  predicted 
percents  are  shown  in  Figures  2a  and  2b.  Results  are 
shown  in  Table  4.  The  reproducibility  limits  of  the  acuity 
value  (20/xx)  relating  to  50,  75,  and  95  percent  correct 


adjusted  for  chance  were  determined.  Reproducibility 
limit  is  defined  as:  approximately  95%  of  all  pairs  of 
replications  (20/xx)  from  the  same  illuminance  and  same 
observer,  generated  on  different  days,  should  differ  in 
absolute  value  by  less  than  the  reproducibility  limit.  Table 
5  contains  the  reproducibility  limits. 


25  30  35  40  25  30  35  40  25  30  35  40 

_ _ Obs#2  Rep~t  Obs*2  Rep=2  Obs#2  Reo=3 


Gt-t - , _ g0.5;  {23.9  0-J^ _ *137;  <22.2  I  Q-J  <  13,6-  »20.2 

10  15  20  25  10  15  20  25  10  15  IB  2 

- Ofag.*?  ,  .  Obs#2  Rep-2  Obs#2  Rep.3 

1001 7*  l  100-j  i  ioo 


Sneilen  Acuity  (20/xx) 

Figure  2a.  For  illuminance  =  8.61E-4  lux,  predicted 
percent  correct  adjusted  for  chance,  for  each  observer  and 
replication.  Acuity  values  are  given  that  relate  to  50  and 
75  percent  correct  adjusted  for  chance. 


Snellen  Acuity  (20/xx) 

Figure  2b.  For  illuminance  =  1 .38E-2  lux,  predicted 
percent  correct  adjusted  for  chance,  for  each  observer  and 
replication.  Acuity  values  are  given  that  relate  to  50  and 
75  percent  correct  adjusted  for  chance. 


Table  4.  Snellen  acuity  values  (20/xx)  relating  to  predicted  50, 75,  and  95  percent  correct 
adjusted  for  chance,  for  each  illuminance,  observer,  and  replication. 


Illuminance 

dux) 


8.61E-4 


Observer 


#1 


#2 


#3 


50% 

Replication 


75% 

Replication 


95% 

Replication 


1.38E-2 
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Table  5.  Snellen  acuity  reproducibility  limits  (20/xx) 
for  each  illuminance  and  percent  correct  adjusted  for  chance. 


Illuminance 

%  Correct 

Mean  Acuity 

RL 

RL  %of 

(lux) 

(Adjusted) 

(20/xx) 

(20/xx) 

Mean 

50 

29.8 

5.1 

17 

8.61E-04 

75 

33.3 

6.1 

18 

95 

38.5 

9.4 

24 

50 

18.9 

2.5 

13 

1.38E-02 

75 

21.1 

4.5 

21 

95 

24.1 

7.8 

32 

The  same  procedure  for  determining  the  predicted  percent 
correct  adjusted  for  chance  that  was  performed  for  each 
illuminance,  observer,  and  replication  was  also  performed 
for  each  illuminance  and  observer,  summed  across 
replications.  Table  6  contains  the  percent  of  trials 
correctly  identified  for  each  combination  of  illuminance, 


observer,  and  acuity.  Figure  3  contains  NED  regressed  on 
acuity.  Figure  4  contains  plots  of  the  predicted  percents. 
Table  7  contains  the  acuity  values  corresponding  to 
predicted  50,  75,  and  95  percent  correct  adjusted  for 
chance. 


Table  6.  Percent  correct  trials  (P)  and  percent  correct  trials  adjusted  for  chance  (PA), 
for  each  illuminance,  observer,  and  acuity.  Trials  have  been  summed 
across  replications  (N  =  60).  PAin  italics  were  not  used  for  modeling. 


Observer  #1 

Observer  #2 

Observer  #3 

Snellen 

Percent 

Snellen 

Percent 

Snellen 

Percent 

Illuminance 

Acuity 

Correct 

Acuity 

Correct 

Acuity 

Correct 

(lux) 

(20/xx) 

P 

Pa 

(20/xx) 

P 

Pa 

(20/xx) 

P 

Pa 

8.61E-4 

24.8 

45 

27 

24.8 

48 

31 

26.7 

44 

25 

8.61E-4 

26.7 

38 

18 

BP-yjBf 

48 

31 

28.6 

36 

15 

8.61E-4 

59 

46 

60 

47 

HAS 

58 

44 

8.61E-4 

30.6 

65 

53 

80 

73 

78 

71 

8.61E-4 

32.5 

80 

73 

32.5 

82 

76 

34.4 

81 

75 

8.61E-4 

34.4 

93 

91 

34.4 

80 

73 

E9 

8.61E-4 

92 

89 

36.3 

88 

84 

ES 

1.38E-2 

13.4 

32 

9 

13.4 

22 

0 

13.4 

27 

2 

1.38E-2 

15.3 

32 

9 

15.3 

40 

20 

15.3 

30 

7 

1.38E-2 

17.2 

45 

27 

53 

38 

17.2 

ia 

1.38E-2 

19.1 

63 

51 

19.1 

70 

60 

19.1 

■a 

1.38E-2 

21.0 

82 

76 

21.0 

80 

73 

21.0 

97 

96 

1.38E-2 

22.9 

83 

78 

92 

89 

22.9 

WSM 

1.38E-2 

24.8 

88 

84 

87 

82 

24.8 

100 

100 

20 


Snellen  Acuity  (20/xx) 

Figure  3.  Results  of  NED  regressed  on  acuity  for  each 
illuminance  and  observer. 


Snellen  Acuity  (20/xx) 

Figure  4.  Predicted  percent  correct  adjusted  for  chance, 
for  each  illuminance  and  observer.  Acuity  values  are 
given  that  correspond  to  50  and  75  percent  correct 
adjusted  for  chance. 


Table  7.  Snellen  acuity  values  (20/xx)  corresponding  to 
predicted  50,  75,  and  95  percent  correct  adjusted  for 
chance,  for  each  illuminance  and  observer. 


Illuminance 

(lux) 

Observer 

50% 

75% 

95% 

#1 

29.4 

32.8 

37.6 

8.61E-4 

#2 

28.6 

33.5 

40.4 

#3 

31.2 

34.2 

38.6 

#1 

19.7 

22,4 

26.3 

1.38E-2 

#2 

19.3 

21.8 

25.2 

#3 

18.4 

20.1 

22.4 

DISCUSSION 

Table  5  summarizes  the  Snellen  acuity  reproducibility 
limits  at  the  two  illumination  levels  for  three  levels  of 
percent  correct  (adjusted  for  chance).  The  50%,  75%  and 
95%  percent  levels  represent  threshold,  a  just-noticeable- 
difference  (JND)  above  threshold  and  a  conservative, 
high-confidence  gap  detection,  respectively.  The 
reproducibility  limits,  when  taken  as  a  percent  of  the 
mean,  show  similar  variability  at  both  the  lower  and 
higher  illuminance  conditions. 

One  way  to  apply  the  reproducibility  limit  is  to  use  it  to 
assign  a  range  for  a  given  NVG  visual  acuity 
measurement.  Many  times,  the  interactions  between 
NVGs  and  other  cockpit  subsystems  such  as  a  gold-coated 
canopy  or  an  incompatible  light  source,  are  evaluated  by 
making  only  a  few  NVG  visual  acuity  measurements 
(baseline  versus  a  test  condition)  using  just  a  couple  of 
observers.  The  problem  with  this  approach  is  that  the 
variability  that  is  inherent  in  both  the  test  method  and  the 
observer  can  easily  mask  the  true  NVG  acuity  effects.  The 
reproducibility  limits  at  the  50%  correct  were 
approximately  15%  of  die  mean  acuity  values  (for  this 
specific  lab  methodology  only).  When  interpreting  field 
data  acuity  results,  95%  of  all  absolute  differences  in 
observations  should  differ  by  less  than  15%  of  the  mean 
acuity  if  variability  is  due  solely  to  experimental  error.  If 
the  data  varies  more  than  15%  than  there  are  additional 
sources  of  variability  such  as  the  infrared-attenuating 
effects  of  canopy  coating  on  NVG  visual  acuity.  For 
example,  if,  under  low  light  levels,  an  observer  reports  an 
NVG  visual  acuity  baseline  of  20/30  and  then  20/35  while 
looking  through  a  coated  canopy,  one  might  (erroneously) 
conclude  that  the  canopy  caused  a  large  loss  of  acuity 
which  translates  into  a  loss  of  target  acquisition  slant 
range.  The  difference  between  20/30  and  20/35  is  5  which 
when  divided  by  their  average  of  32.5  equals  0.15  or 
15%.  A  difference  of  five  then  is  approximately  at  the  95 
percentile  of  acuity  differences  under  the  same  viewing 
conditions.  Therefore,  these  example  data  are  at  the  outer 
limit  of  variability  due  solely  to  experimental  error 
implying  that  small  differences  found  in  field 
measurements  are  questionable.  The  reproducibility  value 
of  15%  of  the  mean  acuity  value  is  a  good  estimate  for 
field  tests.  If  the  tests  are  conducted  under  more 
conservative  criteria  (75%  correct),  then  about  20% 
applies. 


CONCLUSIONS 

One  problem  we  have  observed  in  this  and  other  studies  is 
that  of  interpretability.  Observers  reliably  report  seeing 
Landolt  C  gaps  at  relatively  high  visual  acuity’s  of  20/20 
and  better,  even  under  degraded  viewing  conditions  such 
as  low-light  levels  or  noisy  (scintillation)  conditions.  But 


does  the  observer  really  see  the  gap?  When  working  at 
noisy  threshold  levels  the  gap  can  appear  to  move  around 
to  the  four  different  locations  or  alternately  open  and 
close.  Sometimes  no  gap  is  seen  at  all,  maybe  just  a 
lighter  area  or  a  circle  having  a  flat  side.  When  the 
observer  correctly  responds  to  this  flat  side,  we  interpret 
the  correct  response  as  a  seen  gap  having  a  specific  size 
indicating  a  specific  visual  acuity  which  may  explain 
higher  than  expected  visual  acuity’s.  This  problem 
underlies  all  acuity  measurements  thus  affecting 
interpretability  and  conclusions  of  studies’  findings.  To 
try  to  reduce  this  effect  the  stimulus  duration  was  held  to 
four  seconds.  The  current  method  of  stimulus  presentation 
makes  shorter,  precise  duration’s  difficult.  A 
tachistoscope-type  apparatus  suited  for  NVG  optics  will 
have  to  be  designed  for  the  next  study  that  will  examine 
the  effects  of  short-duration  stimulus  presentations  on 
NVG  acuity. 
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ABSTRACT 

There  are  several  parameters  that  are  used  to  characterize  the  quality  of  a  night  vision  goggle  (NVG)  such  as  resolution,  gain, 
field-of-view,  visual  acuity,  etc.  One  of  the  primary  parameters  is  visual  acuity  or  resolution  of  the  NVG.  These  two  terms  are 
often  used  interchangeably  primarily  because  of  the  measurement  methods  employed.  The  objectives  of  this  paper  are  to  present: 
I)  an  argument  as  to  why  NVG  visual  acuity  and  resolution  should  be  considered  as  distinctly  different  parameters,  2) 
descriptions  of  different  methods  of measuring  visual  acuity  and  resolution,  and  3)  the  results  of  a  blind  test  by  several  agencies  to 
measure  the  resolution  of  the  same  two  NVGs  (four  oculars). 


1.0  INTRODUCTION 

Visual  acuity  (VA),  or  more  properly,  resolution,  is  probably  the  most  important  and  frequently  stated  characteristic  of  night 
vision  goggles  (NVGs).  It  is  often  used  as  the  main  parameter  to  compare  the  quality  of  one  NVG  with  another.  However, 
even  with  this  level  of  importance,  there  is  no  single,  standardized  method  by  which  NVG  resolution  is  assessed.  The 
primary  objective  of  this  paper  is  to  present  several  methods  to  assess  NVG  resolution  that  are  currently  in  use  by  different 
organizations  and  compare  the  results  obtained  from  each.  This  was  accomplished  by  having  two  NVGs  (a  total  of  four 
oculars)  measured  by  seven  different  organizations  that  are  regular  participants  in  the  night  vision  goggle  arena.  Participants 
are  not  identified  specifically  in  this  paper  but  they  include  organizations  within  the  US  Army,  US  Air  Force,  US  Navy,  and 
industry.  It  should  be  noted  that  it  is  not  an  objective  of  this  paper  to  endorse  one  measurement  method  over  another;  they 
each  have  their  strengths  and  weaknesses,  which  will  be  discussed.  It  is  a  further  objective  of  this  paper  to  provide  an 
indication  of  the  level  of  reproducibility  of  results  that  one  can  expect  due  to  the  different  measurement  methods  and 
organizations. 


2.0  RESOLUTION  VS  VISUAL  ACUITY 

As  indicated  earlier,  the  two  terms  "resolution"  and  "visual  acuity"  are  often  used  interchangeably  in  characterizing  the  level 
of  image  quality  of  the  NVGs.  I  would  suggest  that  resolution  is  primarily  a  characteristic  of  the  NVG  itself  (independent  of 
vision)  and  visual  acuity  is  the  resulting  visual  capability  obtained  when  viewing  through  an  NVG.  So  the  phrase  "NVG 
visual  acuity"  actually  means  the  latter  since  NVGs  really  don't  have  a  visual  acuity  per  se.  To  try  to  further  clarify  this 
subtle,  but  important,  difference  it  is  probably  worthwhile  to  refer  to  the  dictionary  definitions  of  the  two  terms.  The 
dictionary  defines  resolution  as:  "...the  process  or  capability  of  making  distinguishable  the  individual  parts  of  an  object, 
closely  adjacent  optical  images,  or  sources  of  light."  The  dictionary  definition  of  visual  acuity  is:  "...the  relative  ability  of 
the  visual  organ  to  resolve  detail  that  is  usually  expressed  as  the  reciprocal  of  the  minimum  angular  separation,  in  minutes  (of 
arc),  of  two  lines  just  resolvable  as  separate  and  that  forms  in  the  average  human  eye  an  angle  of  one  minute."  In  general,  I 
believe  the  problem  arises  from  the  fact  that  all  methods  of  assessing  the  visual  quality  of  the  NVGs  (in  terms  of  resolution) 
involve  observations  and  judgements  made  using  the  human  eye  (see  following  section).  When  lighting  levels  and  NVG 
quality  are  such  that  the  human  eye  visual  acuity  far  exceeds  the  resolution  capability  of  the  NVGs  then  the  resulting 
measurements  of  visual  acuity  through  the  NVGs  represent  the  resolution  of  the  NVGs.  That  is  to  say  the  visual  acuity 
obtained  viewing  through  the  NVGs  is  actually  also  the  resolution  of  the  NVGs.  The  problem  occurs  when  the  viewing 
conditions  (light  level)  or  actual  resolution  of  the  NVGs  are  such  that  they  exceed  the  visual  acuity  ability  of  the  eye.  Under 
low  light  level  conditions  the  resolving  power  of  the  NVGs  is  essentially  unchanged,  but  due  to  the  decreased  light  level  and 
the  noise  in  the  NVG  the  human  eye  does  not  have  a  long  enough  integration  time  to  perceived  the  true  resolving  power  of 
the  NVGs.  Under  this  condition  one  obtains  a  visual  acuity  viewing  through  the  NVGs  that  is  primarily  the  result  of 
limitations  in  the  eye.  In  this  situation  one  is  not  so  much  measuring  the  capability  of  the  NVG  as  one  is  measuring  the 
capability  of  the  particular  human  eye  that  made  the  observations. 

*  This  paper  was  published  in  Proceedings  of  SPIE  Conference  No.  4361:  Helmet-  and  Head-Mounted  Displays  VI,  Orlando, 
FL,  April  16-17,2001. 


Where  this  distinction  between  visual  acuity  and  NVG  resolution  becomes  important  is  in  the  assessment  of  NVG  capability 
at  low  light  levels.  If  one  uses  the  typical  test  procedure  involving  observations  made  by  the  human  eye  of  a  resolution  target 
under  low  light  level,  then  one  is  measuring  the  visual  capability  of  that  particular  observer  as  much  as  they  are  measuring 
the  capability  of  the  NVG.  For  this  reason,  low  light  ,,resolution,,  (really  should  be  visual  acuity  through  NVGs) 
measurements  of  NVGs  tend  to  have  a  higher  degree  of  variability  since  they  are  more  dependent  on  the  low  light  level 
acuity  of  the  particular  observer. 


For  the  results  presented  in  this  paper  only  "optimum"  light  level  measurements  of  NVG  resolution  were  analyzed  and 
included.  Some  participating  organizations  made  lower  light  level  assessments  but  the  means  of  characterizing  the  light  level 
were  sufficiently  varied  as  to  make  it  impossible  to  determine  comparability  between  different  organizations  with  respect  to 
the  light  levels  they  used.  In  any  event,  the  following  section  presents  the  different  methods  and  target  types  that  have  been 
used  to  assess  NVG  resolution. 


3.0  MEASUREMENT  TECHNIQUES 

Each  of  the  seven  participating  organizations  used  a  slightly  different  procedure  to  make  NVG  resolution  measurements  of 
the  four  oculars.  This  section  describes  some  of  the  main  procedures  but  does  not  necessarily  cover  each  organization's 
specific  procedures.  Target  types  that  have  been  used  to  make  NVG  resolution  measurements  include  tumbling  "E",  Landolt 
"C",  USAF  1951  tri-bar  resolution  pattern,  and  square-wave  gratings.  Procedures  have  included  using  a  single  trained 
observer  or  taking  the  average  of  three  trained  observers.  Procedures  have  also  involved  making  subjective  judgements  (as  in 
whether  or  not  the  USAF  tri-bars  are  "resolved"  or  not)  or  are  completely  objective  requiring  the  observer  to  state  the 
orientation  of  a  target.  The  following  specific  procedures  are  a  sample  of  the  NVG  resolution  procedures  that  have  been  or 
are  being  used.  Please  note  that  the  title  used  for  each  procedure  is  not  necessarily  standardized  but  was  selected  to 
emphasize  a  particular  feature  of  the  procedure. 


3.1  USAF  1951  Tri-Bar  Resolution  Chart 


The  USAF  1951  Tri-Bar  Resolution  Chart  has  a  very  specific  format  as  shown  in  Figure  la.  This  chart  is  composed  of 
multiple  sets  of  "Tri-Bars"  of  different  sizes  oriented  both  vertically  and  horizontally.  The  bars  are  organized  into  Groups 
and  Elements  such  that  there  are  6  different  elements  (different  sized  bars)  within  each  Group.  The  bars  in  each  Element 
vary  in  size  by  the  sixth-root  of  2  such  that  the  size  of  the  bars  in  the  first  Element  of  each  Group  is  exactly  twice  the  size  of 
the  first  element  in  the  following  (smaller)  Group.  This  means  that  each  bar  pattern  is  about  12.25%  larger  than  the  next 
smaller  bar  size.  The  original  USAF  1951  Tri-Bar  Chart  (Figure  la)  was  designed  such  that  the  Group  0,  Element  1  bar  size 
was  exactly  1/2  mm  in  width.  Since  that  time  variations  in  the  original  chart  have  been  devised  that  still  use  the  sixth-root  of 
2  design  concept  but  are  of  a  different  basic  size  so  that  they  can  be  used  as  a  large  wall  chart.  Figure  lb  shows  a  picture  of 
such  a  chart  as  photographed  through  one  of  the  NVG  oculars  used  in  this  study  (photo  courtesy  of  Bill  McLean,  US  Army). 
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The  Tri-Bar  target  sizes  can  be  converted  to  equivalent  Snellen  Acuity  (SA)  values  by  determining  the  angular  subtense  of 
the  bar  sizes  as  measured  from  the  viewing  distance.  An  angular  subtense  of  1  minute  of  arc  corresponds  to  a  Snellen  acuity 
of  20/20;  2  minutes  of  arc  is  20/40,  3  minutes  of  arc  is  20/60,  and  so  forth.  The  angular  subtense  is  calculated  by  taking  the 
arc  tangent  of  the  width  of  the  bar  divided  by  the  viewing  distance.  Visual  acuity  obtained  looking  through  an  NVG  ocular 
may  be  determined  by  a  single  observer  or  by  averaging  the  observations  made  by  a  panel  of  observers  (typically  3 
observers). 

One  potential  disadvantage  of  this  target  type  is  that  the  steps  between  bar  sizes  are  relatively  large.  For  example,  if  a  bar 
pattern  were  of  a  size  such  that  the  Snellen  acuity  was  20/40  then  the  next  larger  size  would  be  20/44,9  and  the  next  smaller 
size  would  be  20/35,6  (12.25%  differences  between  sizes  going  up  and  10.9%  difference  in  sizes  going  down).  This 
relatively  large  "least-count"  for  this  procedure  limits  the  precision  with  which  one  can  determine  the  resolution  of  an  NVG 
ocular;  especially  if  only  one  observer  is  used.  On  the  other  hand,  visual  acuity  is  a  relatively  difficult  parameter  to  precisely 
measure,  so  one  could  argue  that  a  precision  of  12.25%  or  10.9%  is  all  that  is  required. 


3.2  Hoffman  20/20  Test  Set 

Prior  to  flying  with  NVGs  aircrew  in  the  US  Air  Force  are  required  to  pre-flight  their  NVGs.  This  includes  making 
adjustments  so  that  the  NVGs  line  up  with  the  individual’s  eyes  and  checking  visual  acuity,  usually  using  the  Hoffman  ANV- 
20/20  test  set  shown  in  Figure  2.  This  device  provides  a  collimated  image  (image  at  infinity)  for  the  aircrew  to  focus  their 
objective  lenses  and  to  check  for  visual  acuity  level  The  target  pattern  used  to  check  visual  acuity  is  shown  in  the  upper  left 
of  Figure  2.  The  pattern  consists  of  9  target  sizes  corresponding  to  9  different  visual  acuities.  The  patterns  are  patches  of 
square-waves  (alternating  light  and  dark  bars  of  equal  size)  in  both  vertical  and  horizontal  directions.  The  legend  under  the 
target  picture  in  Figure  2  shows  the  corresponding  VA  target  sizes,  which  range  from  20/20  to  20/70. 


Am  -  20/20  NVO  SETUP  REFERENCE 


Figure  2,  Hoffman  ANV-20/20  NVD  tester  used  to  pre-flight  NVGs  (photo  courtesy  of  Hoffman  Engineering), 

While  this  device  makes  an  excellent  pre-flight  instrument,  it  is  not  very  well  suited  for  making  precise  measurements  of 
NVG  ocular  resolution  because  of  the  relatively  large  step  sizes.  The  highest  resolution  pattern  is  20/20  and  the  next  highest 
is  20/25,  which  is  a  large  25%  decrease.  Its  main  advantages  are  that  it  produces  a  distant  image  (using  an  optical  system) 
within  a  small  space  and  it  can  control  lighting  on  the  target, 

3.3.  Walk-Back  Procedure  Using  Square- Wave  Gratings 

This  technique  was  developed  as  a  means  to  shift  from  a  discontinuous  dependent  variable  to  a  continuous  dependent 
variable.  In  other  words,  one  is  not  limited  to  specific,  quantized  levels  of  visual  acuity  but,  instead,  is  afforded  a  complete 
continuum.  The  target  patterns  chosen  for  this  technique  are  square-wave  patches  of  different  spatial  frequencies  (light  and 


dark  bar  widths)  organized  in  a  pattern  shown  in  Figure  3.  A  total  of  3  charts  were  used  with  six  grating  patch  sizes  each. 
The  spatial  frequency  was  lower  (wider  bar  widths)  on  the  left  side  and  progressed  to  higher  frequencies  (narrower  bars) 
moving  to  the  right.  A  vertical  bar  pattern  and  a  horizontal  bar  pattern  were  provided  for  each  spatial  frequency.  These 
charts  were  placed  a  distance  of  30  feet  from  the  observer  and  illuminated  with  a  2856K  light  source  that  could  be  adjusted. 
The  patches  were  sized  such  as  to  produce  whole  number  Snellen  visual  acuities  at  the  30  ft  distance  such  as  20/25  or  20/30. 
The  observer  would  select  the  highest  spatial  frequency  grating  that  he/she  could  see  and  inform  the  experimenter  of  their 
selection.  Then  the  observer  would  slowly  step  backward  until  that  pattern  became  a  uniform  green  indicating  the  NVG 
could  no  longer  resolve  the  grating  pattern.  By  using  the  increased  distance,  one  could  calculate  the  new  resolution  (Snellen 
acuity)  that  corresponded  to  that  particular  pattern.  For  example,  if  the  observer  had  selected  the  20/30  pattern  and  then 
walked  back  2  feet  the  resolution  of  that  pattern  at  the  new  distance  would  be  20/[30*(30/32)]  =  20/28.1.  The  grating  sizes 
were  selected  such  that  the  observer  should  never  have  to  walk  back  more  than  about  3  feet  (10%).  If  they  did  walk  back 
more  than  the  maximum  that  meant  they  should  have  been  able  to  resolve  the  next  higher  resolution  pattern  at  the  30-fit 
distance.  So,  if  they  did  walk  back  past  the  maximum  they  were  asked  to  return  to  the  30  ft  distance  and  look  at  the  next 
higher  spatial  frequency  patch  to  see  if  they  could  resolve  it.  The  30  ft  distance  was  selected  to  minimize  possible  blur 
effects  caused  by  focusing  the  NVGs  at  30  feet  and  then  viewing  the  pattern  at  distances  slightly  farther  than  30  ft  (out  to  33 
ft).  This  depth  of  focus  issue  is  the  major  disadvantage  of  this  procedure  although  tests  allowing  subjects  to  refocus  their 
NVGs  at  the  longer  distances  once  they  had  moved  back  did  not  produce  any  noticeably  different  results. 


Figure  3.  Drawing  of  the  square-wave  grating  patches  used  to  measure  NVG  visual  acuity  using  the  "walk-back”  method. 

The  major  advantage  of  this  technique  is  to  provide  a  continuum  of  values  that  could  be  obtained  for  visual  acuity.  In 
practice,  this  procedure  normally  used  3  trained  observers  and  collected  3  to  5  repeated  measures  each.  The  results  were  then 
the  grand  average  for  all  observers  and  repetitions. 


3.4  Rotating  Grating  Technique 

A  variation  of  the  walk-back  technique  is  the  rotating  grating  method.  This  technique  uses  a  square-wave  grating  pattern 
with  the  lines  running  vertically.  The  grating  patch  is  a  rectangle  that  is  about  1.5  times  wider  than  high.  This  target  is 
placed  on  a  rotating  table  such  that  it  rotates  about  an  axis  that  corresponds  to  the  center  bar  of  the  pattern.  As  the  pattern  is 
rotated  the  apparent  spatial  frequency  increases  as  the  view  of  the  pattern  is  "fore-shortened."  The  advantage  of  this 
technique  is  that  it  provides  a  continuum  of  values  for  Snellen  acuity.  The  disadvantage  is  the  same  as  the  walk-back 
technique  in  that  the  focus  distance  is  different  for  the  side  of  the  chart  that  is  closest  to  the  observer  compared  to  the 
opposite  side.  However,  compared  to  the  walk-back  technique,  this  technique  does  not  require  the  observer  to  move  and  data 
can  be  gathered  relatively  quickly.  Initial  results  indicate  the  procedure  is  reasonably  repeatable.  The  base  distance  (distance 
from  observer  to  center  of  the  chart)  should  be  30  feet  or  greater  to  minimize  the  focus  disparity  between  the  left  and  right 
side  of  the  chart  in  its  rotated  position. 


3.5  Multiple  Observations,  Multiple  Orientation  Gratings 

Another  VA  measurement  technique  to  assess  NVG  oculars  uses  circular  grating  patches  arranged  in  rows.  In  one  specific 
implementation  of  this  procedure  the  circular  target  patches  were  organized  into  two  rows  of  six  gratings  each.  All  of  the 
gratings  in  a  given  row  were  of  the  same  spatial  frequency.  The  gratings  were  oriented  in  4  directions:  vertical,  horizontal, 
slanted  45degrees  left,  and  45  degrees  right.  Observers  were  required  to  state  the  direction  of  the  grating,  making  this  an 
objective  test.  In  this  particular  case,  the  gratings  were  designed  to  be  viewed  at  a  distance  of  20  feet  and  the  sizes  were 
selected  such  that  each  pattern  was  approximately  12.2  percent  larger  than  the  preceding  pattern.  This  corresponds  to  a  size 
spacing  of  0.05  log  minimum  angle  of  resolution  or  0.05  log  MAR.  One  difficulty  with  this  type  of  procedure  is  how  to  score 
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an  individual  who  gets  all  of  a  particular  row  correct,  then  misses  2  in  the  next  smaller  size  row,  but  then  gets  all  of  the  next 
smaller  size  correct.  Some  guide  must  be  adopted  to  determine  what  score  is  to  be  given  to  an  observer  who  misses  one  or 
more  orientations  in  a  particular  row.  For  this  specific  version  of  this  technique  a  criterion  level  of  achieving  5  of  6  correct 
orientations  in  a  row  was  established.  The  observer  was  given  the  Snellen  acuity  score  corresponding  to  the  row  in  which 
he/she  got  5  of  the  6  correct,  with  a  minor  modification.  If  they  provided  some  correct  responses  on  the  following  row  as 
well,  then  they  were  awarded  an  additional  acuity  increment  of  0.008  log  MAR  units  per  correct  response.  For  example,  if  an 
observer  correctly  resolved  5  of  6  patterns  on  the  20/40.2  nog  MAR  0.303)  line  and  resolved  2  patterns  on  the  20/35.8  line, 
his/her  VA  would  be  scored  as  0.303  -  0.016  =  0.287  log  MAR  or  20/38.7  Snellen).  Three  observers  were  used  and  their 
average  score  was  recorded  as  the  resultant  visual  acuity. 


4.0  RESULTS  OF  ROUND  ROBIN  TEST 

Two  NVGs  were  selected  for  this  interlaboratory  study:  one  was  an  older  AN/AVS-6  NVG  and  the  other  was  a  more  recently 
produced  AN/AVS-9  NVG.  The  two  NVGs  were  supplied  to  each  organization  for  testing  with  the  instructions  to  conduct 
their  normal  test  procedures  for  visual  acuity  (resolution)  under  two  lighting  conditions:  optimum  lighting  for  best  resolution 
and  starlight  level  lighting.  The  organizations  were  directed  to  measure  each  ocular  (a  total  of  4  oculars)  independently  and 
provide  their  visual  acuity  (resolution)  results  for  each  of  the  two  lighting  levels;  a  total  of  8  numbers.  Not  all  organizations 
conducted  the  lower  light  level  measurements  and,  of  those  that  did,  not  all  of  them  stated  what  lighting  level  was  used  (in 
quantitative  terms)  to  simulate  the  starlight  level.  For  this  reason  only  the  "optimum"  light  level  data  is  included  here  and 
analyzed. 


Some  organizations  provided  their  data  in  the  form  of  Snellen  Acuity  values,  others  submitted  their  results  in  terms  of  cycles 
per  milliradian.  In  order  to  make  it  easy  to  compare  the  results  between  the  organizations  all  data  were  converted  to  Snellen 
Acuity  and  to  cycles  per  milliradian  (Tables  1  and  2).  One  organization  measured  the  NVGs  using  two  different 
procedures/devices  but  their  results  for  the  two  were  identical  so  only  one  was  used  in  the  analysis.  In  addition,  another 
organization  was  the  first  to  measure  the  NVGs  and  then  measured  them  again  after  all  of  the  other  organizations  had 
conducted  their  tests.  The  results  from  these  two  sets  of  measurements  from  this  organization  (using  the  same  procedure  both 
times)  were  very  close  so  the  results  from  the  two  were  averaged  and  included  in  the  analysis.  A  third  organization  provided 
raw  visual  acuity  data  for  two  observers  (who  had  significantly  different  results)  so  their  data  was  averaged  to  provide  single 
resolution  numbers  for  their  organization.  Tables  1  and  2  are  a  summary  of  the  optimum  light  level  visual  acuity  data  for  the 
seven  organizations  that  participated. 


Table  1.  Visual  acuity  results  obtained  from  7  organizations  measuring  the  same  NVGs  (results  in  Snellen  acuity-20/xx) 


Lab 

AN/AVS-6 

AN/AVS-9 

AN/AVS-6 

AN/AVS-9 

Left 

Right 

Left 

Right 

Right-Left 

Right-Left 

A 

33.8 

35.0 

26.1 

26.7 

1.2 

0.6 

B 

40.0 

45.0 

32.0 

32.0 

5.0 

0.0 

C 

33.4 

41.9 

26.4 

29.6 

8.5 

3.2 

D 

31.4 

31.4 

23.2 

23.2 

0.0 

0.0 

E 

34.7 

38.2 

27.5 

28.6 

3.5 

1.1 

F 

38.1 

39.6 

30.2 

33.0 

1.5 

2.8 

G 

40.0 

39.0 

31.0 

32.3 

-1.0 

1.3 

Mean 

35.9 

38.6 

28.1 

29.4 

2.7 

1.3 

Std 

3.4 

4.4 

3.1 

3.5 

3.3 

1.3 

t-test  p-value  for  Ho:  Mean  Difference  =  0 

0.0743 

0.0368 

There  are  two  observations  that  are  apparent  from  Table  1:  1)  the  standard  deviations  for  each  ocular  across  organizations  are 
relatively  large  (on  the  order  of  10-12  percent  of  mean  value)  and  2)  within  each  NVG  type  the  determination  of  which  ocular 
of  the  two  had  the  better  resolution  was  fairly  consistent  (right-left  columns)  although  they  were  not  statistically  significant  at 
the  p=0,01  level  (see  last  row  of  Table  1).  The  primary  objective  of  this  effort  was  to  determine  a  reproducibility  limit  for 
NVG  resolution/visual  acuity  measurement.  The  reproducibility  limit  is  defined  in  ASTM  E  691  along  with  the  statistical 
procedures  to  calculate  it.  Basically,  if  two  organizations  measure  the  same  NVG  ocular  there  is  a  95%  probability  that  their 
results  will  differ  by  no  more  than  the  reproducibility  limit.  This  is  an  indicator  of  how  reproducible  the  measurement  results 
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are  and  should  not  be  confused  with  repeatability.  Repeatability  is  an  indication  of  how  consistent  a  single  organization's 
results  are  when  making  the  same  measurement  on  the  same  NVG  multiple  times,  whereas  the  reproducibility  limit  treats  the 
issue  of  measurements  made  by  different  organizations.  Since  we  collected  only  one  assessment  of  resolution  from  each 
organization  for  each  NVG  ocular  (at  the  high  light  level)  we  do  not  have  sufficient  data  to  calculate  repeatability  (which 
could  well  be  different  for  the  different  organizations). 

All  remaining  analyses  were  accomplished  after  converting  all  of  the  data  to  resolution  in  cycles  per  milliradian  (see  Table  2) 
using  the  conversion  equation: 

Res  (c/mrad)  =  34.3775/Snellen  (20/xx)  (1) 

Table  2  lists  the  NVG  ocular  resolutions  converted  to  cycles/milliradian  (c/mrad).  At  the  bottom  of  Table  2  is  a  summary  of 
the  Reproducibility  Limit  (RL)  as  calculated  using  ASTM  E  691  procedures.  The  RL  was  calculated  for  each  type  of  NVG 
(AN/AVS-6  and  the  AN/AVS-9)  and  for  all  the  oculars  as  a  group.  For  the  levels  of  resolution  of  these  NVGs,  the 
reproducibility  limit  was  a  relatively  large  33%  (0.35  c/mrad).  This  means  that  if  we  selected  a  single  NVG  ocular  and 
randomly  selected  2  organizations  to  measure  its  high-light-level  resolution  there  is  a  95%  probability  that  their  answers 
would  agree  within  0.35  c/mrad.  Another  way  to  look  at  this  is  if  one  randomly  selected  organization  measured  the 
resolution  of  an  NVG  ocular  and  then  another  (different)  randomly  selected  organization  measured  a  different  ocular,  then 
the  difference  in  resolution  measurements  between  the  two  would  have  to  be  greater  by  0.35  c/mrad  before  we  would  be  at 
least  95%  confident  that  the  two  oculars  were,  indeed,  different.  Note  that  if  we  had  supplied  the  two  NVG  oculars  to  the 
same  organization  then  the  appropriate  confidence  parameter  would  be  repeatability  and  not  reproducibility.  Although  this 
reproducibility  value  seems  somewhat  large  it  is  apparent  from  the  data  in  Table  2  that  there  is  a  wide  spread  in  resolution 
results  between  organizations.  Looking  at  the  "Right"  column  of  the  AN/AVS-9  we  see  that  the  highest  resolution  obtained 
was  1.48  c/mrad  and  the  lowest  was  1.04  c/mrad;  a  huge  0.41  c/mrad  difference! 

Table  2.  Resolution  in  cycles/mrad  for  each  lab  and  ocular.  Reproducibility  Limits  (RL)  are  given  for  each  goggle  separately 
and  across  all  4  oculars. 


Lab 

AN/AVS-6 

AN/AVS-9 

AN/AVS-6 

AN/AVS-9 

Left 

Right 

Left 

Right 

Right-Left 

Right-Left 

A 

1.02 

0.98 

1.32 

1.29 

-0.04 

-0.03 

B 

0.86 

0.76 

1.07 

1.07 

-0.10 

0.00 

C 

1.03 

0.82 

1.30 

1.16 

-0.21 

-0.14 

D 

1.09 

1.09 

1.48 

1.48 

0.00 

0.00 

E 

0.99 

0.90 

1.25 

1.20 

-0.09 

-0.05 

F 

0.90 

0.87 

1.14 

1.04 

-0.03 

-6.10 

G 

0.86 

0.88 

1.11 

1.06 

0.02 

-0.04 

Mean 

0.96 

0.90 

1.24 

1.19 

-0.06 

-0.05 

Std 

0.09 

0.11 

0.14 

0.16 

0.08 

0.05 

RL 

(%  of  Mean) 

0.28  (30%) 

0.41  (34%) 

0.22 

0.14 

0.35  (33%) 

0.18 

It  is  apparent  from  an  inspection  of  the  data  in  Table  2  that  there  is  some  pattern  to  the  variance  in  resolutions  obtained. 
Specifically,  some  organizations  tended  to  consistently  obtain  higher  overall  resolutions  that  other  organizations.  This  could 
be  due  to  the  specific  type  resolution  target  that  was  used,  the  visual  capability  of  the  observers,  or  some  other  factor.  In  any 
event,  it  is  possible  to  do  an  analysis  to  see  how  much  the  reproducibility  limit  could  be  improved  (made  smaller)  if  the 
differences  between  organizations  were  not  only  consistent  but  also  invariant  with  time.  That  is  to  say,  if  we  were  to  repeat 
this  effort  we  would  find  that  the  same  organizations  that  tended  to  obtain  higher  resolutions  in  the  first  effort  obtain  higher 
resolutions  in  the  repeat.  In  order  to  explore  the  effects  on  the  reproducibility  limit  if  we  could  "handicap"  labs  according  to 
the  results  of  Table  2  we  devised  a  "correction  factor"  to  adjust  the  scores  in  Table  2  such  that  the  average  for  the  4  scores  of 
each  lab  are  the  same.  This  was  done  by  dividing  each  of  the  4  data  points  for  a  single  lab  by  a  ratio  that  was  calculated  by 
dividing  that  particular  lab's  average  of  the  4  readings  by  the  overall  average  of  the  28  data  points.  The  results  of  this 
adjustment  are  listed  in  Table  3.  The  numbers  in  the  second  column  of  Table  3  are  the  adjustment  ratios  by  which  each 
corresponding  row  of  numbers  in  Table  2  was  divided.  Note  that  the  reproducibility  limits  calculated  for  Table  3  are  greatly 
reduced  from  those  calculated  in  Table  2;  on  the  order  of  10%  instead  of  33%. 
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Table  3.  Adjusted  Resolution  values  (cycles\mrad)  for  each  lab  and  ocular.  The  resolution  values  of  Table  2  were  "adjusted" 
by  dividing  each  lab's  4  values  by  an  adjustment  ratio  (Adj.  Ratio)  that  was  equal  to  that  lab's  average  (of  the  4  numbers  in 
Table  2)  divided  by  the  average  of  all  28  data  points. 

AN/AVS-6  AN/AVS-9  AN/AVS-6  AN/AVS-9 


Lab 

Ratio 

Left 

Right 

Left 

Right 

Right-Left 

Right-Left 

A 

1.07 

0.95 

0.92 

1.23 

1.20 

-0.03 

-0.03 

B 

0.88 

0.98 

0.87 

1.22 

1.22 

-0.11 

0.00 

C 

1.00 

1.03 

0.82 

1.29 

1.15 

-6.21 

-0.14 

D 

1.20 

0.91 

0.91 

1.23 

1.23 

0.00 

0.00 

E 

1.01 

0.98 

0.89 

1.24 

1,19 

-0.09 

-0.05 

F 

0.92 

0.98 

0.94 

1.24 

1.13 

-0.04 

-0.10 

G 

0.91 

0.94 

0.97 

1.22 

1.17 

0.02 

-0.05 

Mean 

0.97 

0.90 

1.24 

1.19 

-0.06 

-0.05 

Std 

0.04 

0.05 

0.03 

0.04 

0.08 

0.05 

RL 

0.12(13%) 

0.09  (7%) 

0.22 

0.15 

(%  of  Mean)  0.11(10%) 

0.19  i 

DISCUSSION/CONCLUSION 


The  rather  large  reproducibility  limit  (33%)  found  as  a  result  of  analyzing  the  data  of  Table  2  is  somewhat  disturbing  but 
should  serve  as  a  major  caution  flag  for  any  organization  making  and  reporting  NVG  resolution  results.  Each  of  the 
participating  organizations  used  slightly  different  procedures  to  arrive  at  a  resolution  number.  Some  used  grating  patterns  (A 
and  G)  and  some  used  tri-bar  targets  (B  through  F)  as  the  resolution  target.  Some  used  a  subjective  assessment  by  observers 
and  some  used  objective  methods.  Some  used  a  single  observer  others  used  up  to  3  observers  and  averaged  the  results.  All 
of  these  differences  could  contribute  to  the  consistent  differences  between  organizations.  However,  having  looked  at  the  raw 
data  from  the  3  observers  from  our  laboratory  and  the  2  observers  from  one  of  the  other  organizations  it  is  apparent  that  one 
of  the  highest  sources  of  difference  is  the  particular  individuals)  that  participate  in  the  measurement. 


Table  4.  Summary  of  NVG  resolution  measurement  procedures  used  by  the  7  labs. 


Lab 

Target 

Observers 

Procedure 

Units 

A 

Grating 

3 

Subjective 

Snellen 

B 

Tri-bar 

1 

Subjective 

Snellen 

C 

Tri-bar 

1 

Subjective 

e/mrad 

D 

Tri-bar 

2 

Subjective 

c/mrad 

E 

Tri-bar 

3 

Subjective 

Snellen 

F 

Tri-bar 

3 

Subjective 

Snellen 

G 

Grating 

3 

Objective 

Snellen 

The  analysis  done  for  Table  3  on  the  adjusted"  data  provides  for  the  most  optimistic  reproducibility  limit  we  could  expect. 
The  ex  post  facto  analysis  undoubtedly  removed  some  systematic  and  some  random  variance  from  the  data,  which  resulted  in 
a  fairly  modest  reproducibility  limit  (about  10%).  It  is  highly  unlikely  the  Adjustment  Ratios  calculated  for  each 
organization  would  remain  exactly  the  same  if  we  were  to  conduct  this  study  again.  However,  there  would  probably  still  be  a 
similar  general  ranking  of  organizations  as  to  relative  level  of  resolution  measured  (assuming  the  same  personnel  were 
involved  at  each  location).  There  may  also  be  some  bias  due  to  the  type  of  organization:  the  highest  resolutions  were 
obtained  from  a  vendor  of  NVGs  and  the  lowest  resolutions  were  obtained  from  a  purchaser  of  NVGs.  The  real,  practical 
reproducibility  limit  probably  resides  somewhere  between  the  two  values  calculated  from  the  data  in  Tables  2  and  3  but  we 
have  no  way  of  determining  where  in  between.  Suffice  it  to  say  that  the  results  of  this  study  serve  as  a  caution  to  any 
organization  that  is  involved  in  NVG  resolution  measurements  that  would  like  to  make  a  statement  about  the  relative  quality 
of  a  particular  NVG  compared  to  one  assessed  by  another  organization.  The  results  also  indicate  that  the  NVG  community 
should  work  on  standarding  NV G  resolution  measurement  procedures  in  an  effort  to  improve  the  reproducibility  limit 
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ABSTRACT 


Night  vision  goggles  (NVGs)  are  currently  used  in  a 
wide  variety  of  military  aircraft  that  were  not 
originally  designed  for  NVGs.  Likewise ,  the 
windscreens  and  canopies  on  these  aircraft  were  not 
designed  with  NVGs  in  mind.  Present  day 
windscreens  and  canopies  typically  have  one  or  more 
specialized  coatings  applied  to  them .  These  may  be 
reasonably  transparent  for  visible  wavelengths  but 
not  so  transparent  for  near  infrared  light  to  which 
the  NVGs  are  sensitive.  It  was  hypothesized  that  the 
major  mechanism  by  which  aircraft  transparencies 
affect  the  operation  of  NVGs  is  through  reduced 
light  levels .  This  would  mean  that  the  key 
characteristic  of  interest  for  determining  the  effect  of 
an  aircraft  transparency  on  the  operation  of  the 
NVGs  would  be  its  transmission  coefficient 
calculated  using  the  spectral  sensitivity  of  the  NVGs . 
This  hypothesis  was  tested  by  investigating  visual 
acuity  performance  of  trained  observers  viewing 
through  NVGs  for  three  levels  of  ambient 
illumination  (1,  2  and  5  times  starlight)  and  three 
levels  of  NVG -  weighted  windscreen  transmissivities 
(58,  76  and  100%).  In  addition,  two  levels  of 
contrast  were  included  in  the  study  (20  and  70% 
modulation  contrast).  Three  trained  observers 
determined  the  orientation  of  a  Landolt  C  using  a 
two-alternative,  forced-choice  step  paradigm .  A 
luminance-based  model  was  developed  to  smoothly 
combine  the  effects  of  illumination  level  and 
transmission  level  for  each  contrast  thus  supporting 
the  hypothesis.  In  addition ,  the  results  demonstrate 
the  significant  difference  between  individual 
observer’s  performance  level  and  the  increased 


difficulty  (higher  variability)  of  performance  at  lower 
contrast  levels. 


INTRODUCTION  AND  BACKGROUND 

Night  vision  goggles  provide  observers  with  die 
ability  to  see  very  dimly  illuminated  nighttime  scenes 
by  amplifying  ambient  light  from  the  red  and  near 
infrared  spectral  energy  region  (600  through  950  nm; 
see  Fig.  1).  Anything  that  reduces  the  light  level 
getting  to  the  NVGs  will  tend  to  reduce  (he  output 
luminance  while  at  the  same  time  decreasing  the 
signal-to-noise  ratio.  This,  in  turn,  tends  to  reduce 
the  visual  acuity  of  observers  using  die  NVGs,  These 
effects  are  most  apparent  at  very  low  ambient  light 
levels  such  as  starlight  illumination  conditions.  The 
basic  hypothesis  of  this  study  is  that  it  should  not 
matter  whether  the  light  level  is  reduced  by  lowering 
the  illumination  level  on  the  target  area  or  by 
attenuating  the  light  level  getting  to  the  NVGs  by 
viewing  through  a  transparency.  This  leads  to  the 
concept  of  equivalent  illumination.  For  purposes  of 
this  study,  equivalent  illumination  is  the  product  of 
the  actual  illumination  level  and  the  transmission 
coefficient  of  the  transparency  through  which  one  is 
viewing.  As  a  specific  example,  the  equivalent 
illumination  for  2  times  starlight  actual  illumination 
viewing  through  a  50%  transmitting  windscreen 
would  be  1.0  starlight  (2  times  0,5),  This  is  the  same 
equivalent  illumination  obtained  for  an  actual 
illumination  of  1  times  starlight  viewing  through  the 
NVGs  with  no  intervening  transparency  (1  times  1,0), 
If  the  hypothesis  is  correct  one  would  expect  the 
visual  acuity  for  these  two  conditions  to  be  essentially 
the  same  (within  the  variability  expected  for  human 
observations). 
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Figure  1.  The  relative  value  of  a  third-generation  NVG,  a  gold-coated  transparent  sample  (34  deg  tilt)  and  its 
corresponding  NVG-weighted  spectral  transmissivity  plotted  as  a  function  of  wavelength. 


In  order  to  determine  how  much  an  aircraft 
windscreen  or  canopy  will  reduce  the  light  level  by,  it 
is  necessary  to  measure  or  calculate  the  NVG- 
weighted  transmission  coefficient  (TNVg)-  This  is 
done  by  using  the  spectral  sensitivity  of  a  given 
NVG1,2,3.  Equation  1  describes  the  calculation  for 
NVG-weighted  transmissivity.  Tnvg  equals  the 
integral  with  respect  to  wavelength,  of  the  transparent 
part’s  spectral  transmissivity  [P(/ 1)]  times  the  spectral 
energy  distribution  of  the  light  source  [S(A)\  times  the 
NVG  spectral  sensitivity  [G(A)]  divided  by  the 
integral  with  respect  to  wavelength,  of  the  spectral 
energy  distribution  of  the  light  source  times  the  NVG 
spectral  sensitivity.  Since  the  specific  spectral  energy 
distribution  of  the  light  source  in  Equation  1  is 
typically  not  known  for  operational  conditions  (it 
depends  on  the  spectral  energy  distribution  of  the 
illumination  source  on  the  scene  and  the  spectral 
reflectivity  of  the  various  objects  in  the  scene)  the 
NVG-weighted  transmission  coefficient  was 
calculated  using  S(Z)  =  1  for  all  wavelengths.  This 
simplifies  the  equation  and  typically  does  not 


significantly  affect  the  results  for  the  vast  majority  of 
broad-band  reflectance  distributions  normally 
encountered.  Figure  1  shows  the  spectral 
transmissivity  curve  for  one  of  the  gold-coated 
samples  used  in  this  study.  The  third-generation  NVG 
sensitivity  curve  is  plotted  for  reference. 

950  nm 

\P(X)S(X)G(X)dX 

*~p  __  450  nm  / 1  \ 

1  NVG  ~  950  nm  VV 

\s{X)G(X)dX 

450  nm 

where: 

TNVG  -  NVG-weighted  transmissivity 
P(A)  —  spectroradiometric  scan 

through  the  transparent  part 
S(A)  =  spectral  energy  distribution 
of  the  light  source  (equal  to  1 
for  our  calculations) 

G(A)  =  spectral  sensitivity  of  the 
night  vision  goggle 


34 


Undocumented  reports  from  some  aircrew  in  different 
aircraft  indicated  that  some  transparencies,  such  as 
gold-coated  F-16  canopies,  may  cause  a  reduction  in 
NVG  visual  acuity  compared  to  uncoated 
transparencies.  Investigation  into  the  NVG-weighted 
transmission  level  of  currently  fielded  F-16  canopies 
revealed  that  there  are  at  least  three  different  gold 
coatings  and  two  different  indium-tin-oxide  coatings 
in  use.  It  was  therefore  the  objective  of  this  study  to 
investigate  the  effect  of  coated  transparent  parts  that 
included  the  full  range  of  NVG-weighted 
transmission  coefficients  that  might  be  found  in  the 
field.  Since  we  could  not  obtain  samples  of  all  of  the 
different  types  of  coated  windscreens  it  was  decided 
to  use  what  samples  we  did  have  in  such  a  way  as  to 
provide  a  fairly  wide  range  of  transmissivities.  Two 
gold-coated  sections  of  transparencies  were  available: 
one  with  a  fairly  light  coating  and  one  with  a 
relatively  heavy  coating.  In  order  to  expand  the  range 
even  further,  viewing  through  die  heavily-coated 
sample  was  done  at  a  tilted  angle  which  made  the 
transmission  coefficient  even  smaller, 

METHOD 

Participants 

The  three  participants  in  this  study  were  not  naive 
subjects  in  the  traditional  sense  but  highly  trained 
psychophysical  observers,  two  males  and  one  female, 
ranging  in  ages  from  35  to  46  years. 

Apparatus  and  Stimuli 

The  tests  utilized  a  new  set  of  ITT  Model  F4949D 
(serial  #3873)  NVGs4  that  had  P-43  phosphor  image 
intensifier  tubes  and  a  measured  gain5  of  about  6000. 
With  the  room  lights  off  and  the  NVGs  on,  the 
observer  first  adjusted  the  interpupillary  distance  of 
the  goggles.  Then  they  adjusted  the  eyepiece  lenses 
by  looking  at  the  dark  ceiling  with  the  goggles  and 
focusing  until  the  scintillation  looked  sharp. 
Objective  lenses  were  focused  by  viewing  a  one-half 
moon  illuminated,  NVG  resolution  chart  composed  of 
square-wave  gratings6. 

All  observations  were  made  in  a  light  tight  room. 
The  observer  sat  in  a  chair  behind  a  table  with  their 
eyes  9.14  m  (30  ft)  from  the  stimulus  easel.  On  the 


table  was  a  fixture  that  held  an  aircraft  transparency 
sample  and  a  foam  board  visual  field  mask  which  had 
a  15  cm  high  by  18  cm  wide  (6  by  7  in.)  aperture. 
The  observer  held  the  NVGs  but  could  rest  his  or  her 
elbows  on  the  table  while  looking  through  the  hole 
and  transparency  at  the  stimulus.  The  goggles  were 
powered  using  a  regulated  external  power  supply. 

The  stimuli  were  Landolt  C’s7  printed  using  a  high 
resolution  photo-grade  laser  printer.  All  of  the  C’s 
(in  each  set)  were  consecutively  numbered  1  through 
n  for  ease  of  use  with  the  computer  program  (see 
Procedure  section)  during  the  study.  After  the  study, 
the  observers5  data  were  converted  to  Snellen 
equivalents.  The  high  contrast  (70%  Michelson)  set 
consisted  of  69  C’s  ranging  from  20/19,1  to  20/200.5 
Snellen  acuity  for  the  9,14  m  viewing  distance,  C’s  1 
through  48  increased  by  about  2  minutes-of-arc 
(MO A)  per  step  and  C’s  49  through  69  increased  in 
about  2  to  4  MOA  steps  in  order  to  insure  a  high 
upper  range.  The  low  contrast  (20%  Michelson)  set 
consisted  of  107  C’s  ranging  from  20/19,1  to 
20/236.8  Snellen  acuity.  For  this  set,  C’s  1  through 
92  increased  by  about  2  MOA  per  step  and  C’s  93 
through  107  increased  in  about  2  to  4  MOA  steps. 
The  first  stimulus  presentation,  as  determined  by  the 
program,  was  always  from  the  center  of  the  set’s 
range  and  all  subsequent  thresholds  were  found  to  be 
below  this  value. 

The  C’s  were  mounted  on  18  x  18  cm  (7  x  7  in.)  foam 
board.  The  letter  and  background  were  different  gray 
levels,  varied  to  achieve  the  two  desired  contrasts  but 
maintain  the  same  average  reflectance.  For 
presentation,  the  C  was  placed  onto  a  larger  surround 
board  61  x  61  cm  (24  x  24  in.)  that  matched  either  the 
high  or  low  contrast  Landolt  C  background 
reflectance  as  appropriate.  The  background  board 
was  held  on  an  easel  and  had  a  small  ledge  that  held 
the  letter  C  in  the  center.  The  ledge  was  invisible 
when  viewed  through  NVGs,  The  C  was  then  easily 
placed  onto  the  ledge  with  the  gap  oriented  either  up 
or  down. 

The  experimenter’s  station  was  to  the  side  of  the 
stimulus  easel.  The  computer’s  electroluminescent, 
back-lighted  liquid-crystal  display  was  filtered  and 
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shrouded  to  eliminate  any  stray  light  from  falling  on 
the  target  pattern. 

Three,  pre-calibrated,  285 6K  incandescent  lamps8 
were  used  to  easily  change  to  the  different 
illumination  levels.  Apertures  varied  their  intensity 
without  affecting  the  color  temperature.  Illumination 
levels  used  were:  lx  starlight  =  3.4X10*4  lx  (3.2xl0‘5 
fc)9;  2x  starlight  =  6.7x1c4  be  (6.2xl0-5  fc);  5x 
starlight  -  1.8xl0'3  lx  (UxlCT4  fc).  A  fourth  lamp, 
set  to  about  one-half  moon  illumination  1.3x1  O'1  lx 
(1.2xl0‘2  fc)  was  used  to  illuminate  an  NVG 
resolution  target6  during  pretest  goggle  focusing. 

Three  transmission  conditions  were  included  in  this 
study:  a  tilted  heavily  gold-coated  sample,  a  non- 
tilted  lightly  coated  sample,  and  no  intervening 
transparency  (100%  transmission,  hereafter  termed 
baseline  or  high  Tnvg )•  The  TNVG  for  the  heavily  gold- 
coated  sample  tilted  to  a  34  deg  orientation  was  58% 
(hereafter  termed  low  TNVG).  The  non-tilted  (normal) 
lightly  gold-coated  sample  had  76%  transmissivity 


(hereafter  termed  medium  Tjwg)>  This  study  used 
three  different  combinations  of  stimulus  illumination, 
with  three  different  levels  of  TNVG  coefficient  to 
achieve  nine  total  levels  of  equivalent  illumination. 
Table  1  summarizes  the  nine  equivalent  illumination 
levels  derived  from  the  different  illumination  and 
Tnvg  coefficient  combinations. 

Testing  was  conducted  within  randomized  blocks  of 
the  lighting  conditions  because  the  observer  had  to 
adapt  to  that  level  before  the  test.  First,  an 
illumination  source  was  randomly  selected.  Within 
that  lighting  level,  the  observer  was  tested  with  a 
randomized  order  of  stimulus  contrasts  and 
transparency  samples.  Two  levels  of  contrast  (20  and 
70%),  three  levels  of  illumination  and  three  levels  of 
Tnvg  yielded  nine  experimental  conditions  for  high 
contrast  letters  and  nine  experimental  conditions  for 
low  contrast.  The  visual  acuity  through  the  NVGs  for 
trained  observers  was  measured  as  a  function  of  these 
nine  equivalent  illumination  levels. 


Table  1.  The  nine  different  equivalent  illumination  levels  produced  by  all  combinations  of  the  three  levels  of 
stimulus  illumination  and  three  levels  of  transparency  TNVG  coefficients. 


MULTIPLES  OF 
STARLIGHT 

LOW  Tnvg  coefficient 
Tnvg  ~  58% 

MEDIUM  Tyva  coefficient 
Tnvg~  76% 

HIGH  TNvg  coefficient 
Tnvg~  100  % 

lx 

0.58 

0.76 

1 

2x 

1.16 

1.52 

2 

5x 

2.9 

3.8 

5 

Procedure 

A  portable  computer  executed  a  two-alternative, 
forced-choice  Step  Program  adapted  from  Simpson10. 
The  experimenter  started  the  Step  Program  which 
asked  for  the  initial  setup  parameters:  Landolt  C 
upper  and  lower  stimulus  identification  numbers  (1 
through  69  for  high  contrast  or  1  through  107  for  low 
contrast),  confidence  level  (95%),  number  to  criterion 
(5),  maximum  total  number  of  trials  (50)  and  a  data 
file  name.  Using  a  conservative  95%  confidence 
level  caused  the  program  to  require  a  few  more  trials 
before  converging  to  threshold. 

The  proper  stimulus  surround  was  placed  onto  the 
easel,  a  lx,  2x  or  5x  starlight  lamp  was  energized  and 


the  transparency  sample  placed  into  the  fixture.  The 
observer  then  partially  dark  adapted  to  the  goggle 
output  luminance  for  about  10  minutes.  The  Step 
Program  instructed  the  experimenter  to  place  a  given 
numbered  (size)  Landolt  C  in  an  up  or  down, 
randomized  position.  The  stimulus  was  blocked  from 
the  observer’s  view  by  the  experimenter  during 
placement  onto  the  easel.  The  experimenter  asked 
the  observer  if  he  or  she  was  ready,  unblocked  the 
stimulus  for  about  4  seconds,  then  blocked  it  again. 
The  observer  had  to  respond  either  “up”  or  “down”. 
No  feedback  was  ever  given  to  the  observer.  The 
experimenter  then  removed  the  stimulus  and  entered 
the  observer’s  response  into  the  Step  Program.  Based 
on  the  response,  the  Step  Program  determined  the 
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next  stimulus  size  and  randomized  its  orientation. 
The  procedure  was  repeated  until  criterion  was 
reached  or  the  maximum  number  of  trials  were  met 
All  observers  converged  before  reaching  the 
maximum  number  of  trials.  This  procedure  averaged 
about  10  minutes  per  experimental  condition  with 
five  minute  rests  after  each  condition  and  additional 
rest  after  completion  of  each  lighting  condition, 

RESULTS 

The  study  presented  a  total  of  1015  stimuli  to  the 
three  observers.  Threshold  criterion  (5  correct 
responses  at  smallest,  reliably  seen  gap  size)  was 
reached  in  19  trials  on  the  average,  10  being  the 
fastest  and  38  the  slowest  (see  Fig.  2  for  an  example). 
Snellen  acuity,  which  served  as  the  dependent 


variable,  was  calculated  from  the  viewing  distance 
and  the  gap  size  of  the  Landolt  C  with  the  standard 
conversion  that  20/20  Snellen  acuity  corresponds  to  a 
gap  size  of  one  minute  of  arc.  Table  2  is  a  summary 
of  the  results  for  the  high  contrast  Landolt  € 
condition  listing  the  Snellen  acuity  for  each 
illumination/transparency  combination  for  each 
trained  observer  and  the  average  across  observers. 
The  equivalent  illumination  column  is  the  fraction  of 
starlight  that  was  available  to  illuminate  the  target 
pattern  after  accounting  for  the  transmission 
coefficient  of  the  transparency.  This  value  was 
calculated  by  multiplying  the  illumination  level  (1,2, 
or  5  times  starlight)  by  the  transmission  coefficient 
(0.58,  0.76,  or  1.00)  for  each  condition.  Table  3  is  a 
summary  of  the  results  for  the  low  contrast  condition. 


Figure  2.  Typical  Landolt  C  presentation  sequences  using  the  computer-based  Step  Program. 
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Table  2.  Summary  of  high  contrast  (70%)  stimuli  data.  All  data  are  Snellen  acuities  (20/xx). 


Tnvg 

EQUIV 

OBSERVER 

OBSERVER 

OBSERVER 

MEAN 

COEFFICIENT 

ILLUM 

1 

2 

3 

lx 

LOW 

0.58 

66.8 

63.0 

61.1 

63.6 

lx 

MEDIUM 

0.76 

61.1 

59.2 

49.7 

56.7 

lx 

HIGH 

1 

53.5 

51.6 

47.7 

50.9 

2x 

LOW 

1.16 

51.6 

57.3 

47.7 

52.2 

2x 

MEDIUM 

1.52 

49.7 

47.7 

43.9 

47.1 

2x 

HIGH 

2 

45.8 

43.9 

36.3 

42.0 

5x 

LOW 

2.9 

36.3 

40.1 

36.3 

37.6 

5x 

MEDIUM 

3.8 

36.3 

32.5 

34.4 

34.4 

5x 

HIGH 

5 

36.3 

32.5 

34.4 

34.4 

Table  3.  Summary  of  low  contrast  (20%)  stimuli  data.  All  data  are  Snellen  acuities  (20/xx). 


■BBZsnsSasB 

Tnvg 

COEFFICIENT 

EQUIV 

ILLUM 

OBSERVER 

1 

OBSERVER 

2 

OBSERVER 

3 

MEAN 

lx 

LOW 

0.58 

114.6 

103.1 

149.0 

122.2 

lx 

MEDIUM 

0.76 

128.0 

105.0 

126.1 

119.7 

lx 

HIGH 

1 

108.9 

99.3 

107.0 

105.1 

2x 

LOW 

1.16 

114.6 

84.0 

122.2 

106.9 

2x 

MEDIUM 

1.52 

112.7 

108.9 

82.1 

101.2 

2x 

HIGH 

2 

105.0 

99.3 

70.7 

91.7 

5x 

LOW 

2.9 

101.2 

93.6 

74.5 

89.8 

5x 

MEDIUM 

3.8 

68.8 

87.9 

68.8 

75.2 

5x 

HIGH 

5 

47.7 

74.5 

61.1 

61.1 

DISCUSSION 

Although  none  of  the  combination  of  conditions 
(illumination  and  transmission  coefficient)  permitted 
a  direct  test  of  the  equivalent  illumination  hypothesis, 
it  was  possible  to  graph  the  Snellen  acuity  results 
against  the  equivalent  illumination  to  see  if  it  would 
produce  a  reasonably  smooth,  monotonically 
decreasing  curve.  This  is  the  type  of  curve  that  would 
be  expected  since,  in  general,  visual  acuity  improves 
(Snellen  acuity  value  is  smaller)  as  light  level  to  the 
eye  increases11.  Figures  3  and  4  show  these  graphs 
for  the  high  contrast  and  low  contrast  conditions, 
respectively. 

The  graphs  of  Figures  3  and  4  include  all  of  the 
individual  observer  data  in  addition  to  a  dashed  line 
that  corresponds  to  the  average  for  the  three 
observers  for  each  equivalent  illumination  condition. 
The  high  contrast  graph  of  Figure  3  demonstrates  a 


very  clear  pattern,  although  it  is  apparent  that  there  is 
a  certain  amount  of  observer  variability  and 
differences  between  observers.  Based  on  visual 
inspection  of  the  graph  in  Figure  3,  a  curve  fit  was 
applied  using  a  simple  reciprocal  model.  The  general 
form  of  the  model  equation  was: 


s 


=  *:+ 


M 

E 


where: 

S  =  Snellen  acuity  (20/xx) 

K  =  constant  (empirically  determined 
by  least  squares  fit) 

M  =  proportionality  constant 
(empirically  determined) 

E  ~  equivalent  illumination 


(2) 


Table  4  is  a  summary  of  the  model  fit  (Equation  2) 
for  both  the  high  contrast  and  low  contrast  Landolt  C. 
The  model  is  shown  in  Figures  3  and  4  as  a  solid  line. 
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is  therefore  only  valid  for  this  range.  It  is  possible  the 
basic  model  (Equation  2)  may  still  hold  up  for  a 
greater  range  of  illuminations  but  that  has  not  yet 
been  tested. 


Table  4.  Summary  of  model  fit  to  data. 


CONDITION 

K 

M 

CORR  (r) 

70%  CONTRAST 

31.6 

19.6 

0.981 

20%  CONTRAST 

70.0 

35.3 

0.912 

The  results  shown  in  Figures  3  and  4  and  the 
correlations  in  Table  4  support  the  validity  of  the 
hypothesis  regarding  using  equivalent  illumination 
and  the  TNVg  as  a  means  of  assessing  the  quality  of 
aircraft  transparencies  with  respect  to  NVGs.  It  is 
possible  to  use  Equation  2  with  the  appropriate 
coefficients  from  Table  4  to  reasonably  predict  the 
impact  on  visual  acuity  of  a  specific  windscreen  or 
canopy  if  its  Tnvg  value  is  known. 

There  is,  however,  an  implicit  assumption  that  must 
be  addressed  before  applying  the  model  presented 
herein.  These  results  and  the  model  presented 
assumes  the  transparency  has  a  very  low  haze  value12. 
Haze  is  a  phenomenon  caused  by  light  scattering  from 
materials  within  the  transparency  or  from  micro- 
scratches  on  the  surface  of  the  transparency  (usually 
due  to  repeated  cleaning).  The  effect  of  haze  is  to 
lower  the  contrast  of  objects  viewed  through  the 
transparency  which,  in  turn,  would  reduce  visual 
performance  (Snellen  acuity).  The  implicit 
assumption  was  that  the  transparencies  employed  in 
this  study  had  very  little  or  no  haze.  The  two 
transparencies  used  in  this  study  were  measured13  and 
were  found  to  have  fairly  low  values  of  haze;  1.7% 
for  the  medium  transmission  and  2.4%  for  the  low 
transmission  transparency  samples.  If  haze  is  present, 
then  the  model  needs  to  be  modified  to  include  the 
loss  in  visual  acuity  due  to  contrast  reduction.  If  haze 
is  not  present,  then  the  contrast  of  objects  viewed 
through  a  transparency  remains  the  same  no  matter 
what  the  transmission  coefficient  is;  only  the  apparent 
luminance  of  the  object  is  affected.  Future  work  in 
this  area  will  address  the  haze  issue. 
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ABSTRACT 

The  combined  use  of  hand-held  laser  pointers  and 
night  vision  goggles  (NVGs)  is  prevalent  In  nighttime 
tactical  flight  operations.  Laser  eye  protection  (LEP) 
is  required  during  these  missions  to  protect  the  eye 
from  exposure  to  laser  energy.  The  effects  of  the 
fielded  FV-9  LEP  visor  and  two  prototype  Wardove 
LEP  spectacles  on  NVG-aided  visual  acuity  (VA)  were 
assessed.  VA  measurements  were  made  through  four 
types  of  aircraft  transparencies  using  two  different 
NVGs  (4949C  and  4949P)  to  determine  if  there  were 
any  interactions  between  the  LEP,  windscreens,  and 
NVGs  in  their  effects  on  VA.  The  results  showed  a 
correlation  between  the  percent  loss  ofNVG  light  due 
to  the  aircraft  windscreens  and  the  percent 
degradation  in  NVG  VA  (r=0.88).  Also,  the  results 
revealed  a  small  (8.5%),  but  statistically  significant, 
degradation  in  NVG-aided  VA  with  the  FV-9  LEP  for 
both  NVG  models.  Neither  Wardove  spectacle  had  a 
statistically  significant  effect  on  NVG-aided  VA 
compared  to  the  no-LEP  condition,  _ 

INTRODUCTION  AND  BACKGROUND 

One  of  the  primary  performance  characteristics  associated 
with  the  use  of  NVGs  is  Ore  level  of  visual  acuity 
obtained  when  viewing  through  the  NVGs,  It  has  been 
shown  that  the  VA  obtained  when  viewing  through  NVGs 
depends  on  the  light  level  of  the  scene  being  viewed 
(Pinkus  and  TtaV,  1998b),  Previous  studies  have 
demonstrated  NVG  VA  loss  due  to  aircraft  windscreens 


(Pinkus  and  Task,  1997)  and  due  to  LEPs  (Riegler  & 
Fiedler,  1 998).  The  primary  objective  of  this  effort  was  to 
determine  the  amount  of  NVG  VA  loss  that  could  be 
expected  due  to  viewing  through  currently  fielded  aircraft 
windscreens  and  currently  fielded  LEPs  and  prototype 
LEPs  under  consideration  for  fielding. 

METHOD 

Participants, 

Six  NVG-experienced  pilots,  ranging  in  age  from  32  to  46 
years,  participated  in  the  evaluation.  All  participants  had  at 
least  20/20  unaided  VA  and  demonstrated  at  least  20/35 
NVG-aided  VA  at  full  moon  equivalent  illumination  after 
NVG  adjustment  and  focus. 

Apparatus  and  Stimuli. 

The  evaluation  was  conducted  at  the  Air  National  Guard 
Air  Force  Reserve  Test  Center  (AATC)  and  Davis 
Monthan  AFB,  Tucson  AZ  using  three  F-16C  and  one  A- 
10  aircraft  on  four  consecutive  nights.  The  aircraft  were 
positioned  in  a  suitably  darkened  hangar  throughout  the 
duration  of  each  test.  Each  aircraft  was  equipped  with  a 
different  canopy  type.  Two  F-16  aircraft  canopies  had 
indium-tin  oxide  (ITO)  coatings  (Sierracin  Type  II  and 
Texstar  Type  V).  The  third  F-16  aircraft  was  equipped 
with  a  Texstar  II  gold-coat  canopy. 

The  A-10  aircraft  tested  had  uncoated  acrylic  "quarter 
panels"  through  which  the  observers  viewed  the  visual 
acuity  charts.  The  NVG-weighted  transmission 
coefficient  and  haze  was  assessed  for  each  canopy  prior  to 
NVG-aided  VA  data  collection.  Although  the  haze 
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measurement  technique  was  experimental,  the 
transmission  measurement  was  made  using  ASTM 
Standard  Test  Method  FI 863-98  for  Measuring  the  Night 
Vision  Goggle-Weighted  Transmissivity  of  Transparent 
Parts.  The  device  based  on  this  test  method  that  used  to 
make  these  measurements  is  shown  in  Figure  1 . 


transmission  (1RH&T)  measurement  device  used  to 
measure  the  infrared  (NVG  spectrum)  transmission 
coefficient  of  the  aircraft  windscreens  used  in  this  study. 

The  LEP  devices  tested  consisted  of  one  FV-9  (absorptive 
dye)  and  two  WARDOVE  (WD1  &  WD2  reflective) 
spectacles  (see  Figure  2  ).  Each  LEP  filter  tested  was 
mounted  in  a  standard  USAF  aircrew  spectacle  frame. 
NVG  luminous  transmission  was  measured  at  46%  for  the 
FV-9  filter,  and  75%  for  the  WD1  and  WD2  filters. 


NVG-aided  VA  was  assessed  using  two  NVG  resolution 
charts  composed  of  circular  patches  of  square-wave 
gratings.  Each  chart  contained  six  rows  of  six  patterns 
(see  Figure  3).  All  patterns  on  a  given  row  were  of  the 
same  spatial  frequency.  Successive  rows  increased  in 
spatial  frequency  at  relative  intervals  of  approximately 
12%.  Spatial  resolution  values  on  chart  “A”  ranged  (in 
Snellen  notation)’  drom  20/25  to  20/45,  and  chart  “B” 
patterns  ranged  from  20/51  to  20/90.  The  modulation 
contrast  of  the  patterns  (as  measured  from  the  intensified 
NVG  image  of  the  pattern)  was  approximately  38%. 


Figure  3.  NVG  Resolution  Chart 


Each  pattern  measured  4  inches  in  diameter  and  was 
positioned  so  that  the  bars  were  oriented  either  horizontal, 
vertical,  45°  left,  or  45°  right.  During  data  collection,  the 
chart  was  mounted  at  eye-level  on  an  aircraft  maintenance 
stand,  positioned  20  feet  at  a  45°  viewing  angle  from  the 
aircraft  ’’straight-ahead”  direction. 

The  NVG  resolution  chart  was  illuminated  by  a  Hoffman 
LM-33-80  Night  Sky  Projector.  The  evaluation  was 
conducted  at  clear  starlight  equivalent  illumination  (1.7  x 
10'10  NRb)  Night  Vision  Imaging  System  (NVIS)  radiance 
value  as  defined  in  ASC/ENFC  96-01,  Lighting,  Aircraft, 
Interior,  NVIS  Compatible.  NVIS  radiance  was  measured 
from  the  white  portion  of  the  resolution  chart  using  a 
Photo  Research  1530-AR  spot  photometer  with  a  Class  B 
filter,  and  verified  with  a  Hoffman  NVG- 103  Inspection 
Scope. 

Two  models  of  the  F4949  NVG  (F4949C  and  F4949P)  were 
used  in  this  evaluation.  These  models  are  representative  of 
current  NVGs  used  by  pilots  employing  laser  pointers.  The 
F4949P  is  a  more  recent  model  than  the  F4949C  and  has  the 
same  specification  as  the  Omnibus  IV  F4949H  and  G 
models.  Compared  to  the  F4949C,  the  F4949P  has  better 
image  quality  due  to  increased  gain,  better  resolution,  and 
higher  signal-to-noise  ratio.  The  P-model  also  uses  a  P43 
phosphor  while  the  C-model  uses  a  P22  phosphor. 

Procedure 

Aircraft  Canopy  Transmission  Measurement 
With  the  aircraft  in  a  dark  hangar,  the  NVG-weighted 
transmission  coefficient  of  the  canopy  was  measured  in 
the  general  area  of  the  canopy  through  which  the 
observers  would  be  viewing  the  visual  acuity  chart  (see 
Figure  4).  These  measurements  were  made  using  the 
device  described  in  the  Apparatus  section. 
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Figure  4,  IRH&T  measurement  device  being  used  to 
measure  the  percentage  of  NVG  transmission  of  an  F-16 
canopy  using  ASTM  Standard  Test  Method  FI  863-98, 


Observer  Visual  Acuity  Assessment 
Each  observer  participated  in  one  one-hour  session  per 
aircraft.  Only  one  observer  completed  the  evaluation  for 
all  four  aircraft.  The  aircraft  (i.e.  canopy  types)  used  for 
the  six  observers  are  listed  in  Table  1 , 

Table  L  Observer  -  aircraft  combinations _ 


Observer 

Aircraft  Used 

A 

A-10 

B 

Gold 

C 

ITO  (II) 

D 

ITO(V) 

E 

Gold,  ITO(II),  ITO(V) 

F 

Gold,  ITO(II),  ITO(V),  A-10 

Prior  to  data  collection*  the  hangar  was  darkened  and  the 
luminance  (“brightness”)  of  the  F-16  cockpit  displays  was 
adjusted  by  an  NVG-experienced  pilot  to  a  level  judged  to 
be  operationally  representative.  The  starlight  projector 
was  set  to  provide  approximately  full  moon  equivalent 
illumination  of  the  chart  area.  The  observer  was  seated  in 
the  pilot  seat  at  a  20  foot  viewing  distance  from  the 
resolution  chart.  The  observer  then  focused  each  NVG 
model  to  obtain  maximum  VA  of  a  high  contrast 
reference  chart  with  the  canopy  up.  The  illumination 
level  was  decreased  for  the  remainder  of  the  session  so 
the  white  area  of  the  NVG  resolution  test  chart  had  an 
NVIS  radiance  of  1.7  x  10‘10  NRB  (clear  starlight 
illumination). 

On  each  trial,  the  observer  “read”  the  line  on  the  NVG 
resolution  chart  that  could  easily  be  resolved.  The 
experimenter  verified  the  accuracy  of  each  response 
(horizontal,  vertical*  left,  or  right)  and  directed  the 
observer  to  read  successive  lines  increasing  in  spatial 
frequency.  This  was  repeated  until  the  observer  reached  a 
line  that  could  not  be  resolved. 


For  each  session,  NVG-aided  VA  was  first  recorded  with 
the  canopy  up  using  the  first  NVG  model  and  no  LEP. 
The  canopy  was  then  lowered  and  NVG-aided  VA  was 
assessed  through  the  canopy.  The  canopy  remained  down 
for  the  three  NVG  +  LEP  viewing  conditions,  which  were 
completed  in  a  randomly  determined  order.  After 
completion  of  the  VA  task  for  the  first  NVG  model,  the 
observer  mounted  the  second  NVG  model  and  repeated 
the  same  procedure  for  this  NVG.  In  sum,  NVG-aided 
VA  was  assessed  at  five  viewing  conditions  for  each 
NVG  model,  two  without  LEP  (canopy  up  and  canopy 
down)  and  three  with  NVG  +  LEP  (canopy  down). 

RESULTS 


Aircraft  Canopy  NVG  Visual  Acuity  Results 
Table  2  is  a  summary  of  the  NVG  transmission 
coefficients  measured  for  each  of  die  aircraft  canopies 
measured.  In  addition,  Table  2  shows  the  percentage 
reduction  in  NVG-sensitive  light  due  to  the  canopy  and 
the  corresponding  average  decrease  in  visual  acuity 
caused  by  viewing  through  the  transparency.  The 
correlation  coefficient  between  percent  loss  of  NVG-light 
and  percent  loss  of  visual  acuity  was  r=0.88.  For  this 
analysis,  the  visual  acuity  was  taken  as  the  smallest  size 
grating  for  which  the  observer  got  at  least  5  of  die  6 
orientations  correct  without  missing  more  than  1  for  any 
larger  size  grating  row.  No  LEP  was  involved  in  any  of 
these  data. 


Table  2,  Summary  of  aircraft  canopy  NVG  transmission 
coefficients  and  corresponding  percentage  light  loss  and 
visual  acuity  loss  (UP=no  canopy,  DOWN=through 


UP 

DOWN 

% 

% 

Canopy 

NVG 

Trans 

Coefficient 

Avg. 

VA 

Avg. 

VA 

VA 

decrease 

Light 

Loss 

Gold 

0.56 

39.0 

51,9 

33 

44 

ITO  (II) 

0.81 

43.3 

53.1 

23 

19 

ITO  (V) 

0.74 

42,5 

53.0 

25 

26 

A-10 

0.88 

40,9 

42.9 

5 

12 

An  alternative  analysis  of  the  windscreen-only  data  was 
done  to  determine  if  the  VA  difference  between 
windscreens  was  statistically  significant.  For  this  analysis 
the  acuity  value  used  was  the  smallest  grating  size  that  the 
subject  could  correctly  identify  at  least  4  of  the  6  target 
orientations  correctly.  One  acuity  value  was  then  used  for 
each  combination  of  observer,  aircraft  (A- 10,  Gold, 
ITO(II),  and  ITO(V)),  windscreen  condition  (Up,  Down, 
WD-1,  WD-2,  and  FV-9)  and  NVG  (F4949C  and 
F4949P).  The  windscreen  conditions  are  referred  to  as 
LEP  (laser  eye  protection)  when  the  only  levels  used  were 
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WD-1,  WD-2,  and  FV-9.  Only  1  subject  used  all  4 
aircraft.  Table  3  contains  the  aircraft  used  by  each 
observer  (A  through  F)  along  with  their  mean  acuity  for 
the  windscreen  Up  condition. 

Table  3.  Mean  Snellen  acuity  (20/XX)  when  the 
windscreen  was  Up.  There  were  2  acuity  values  for  each 


aircraft  used 

(i.e.  one  for  each  NVG 

Observer 

Aircraft  Used 

Mean 
Acuity  for 
•Up’ 

N 

A 

A-10 

43 

2 

B 

Gold 

38 

2 

C 

ITO 

43 

2 

D 

ITOfV) 

51 

2 

E 

Gold.  ITO.  ITO(V) 

38 

6 

F 

A-10,  Gold,  ITO, 
ITOfV) 

38 

8 

When  the  observers  were  exposed  to  the  windscreen 
Down  condition  (viewing  through  the  windscreen),  the 
percent  increase  in  target  size  (decrease  in  visual  acuity) 
from  the  windscreen  Up  condition  (no  windscreen) 
ranged  from  0  to  41  with  a  median  of  26  (N=22).  There 
were  2  instances  of  0  percent  increase,  both  coming  from 
the  A- 10  aircraft.  The  dependent  variable  used  in  the 
following  analyses  was  the  percent  change  in  target  size 
from  the  windscreen  Down  condition.  A  problem  exists  in 
that  each  subject  did  not  use  all  aircraft. 

Comparison  of  the  aircraft  is  difficult.  Observer  E  used  3 
of  the  aircraft  and  observer  F  used  all  4.  With  these  2 
subjects  the  percent  change  in  acuity  was  averaged  across 
LEP  and  NVG  for  each  aircraft.  A  1 -factor  (aircraft) 
repeated  measures  analysis  of  variance  using  the  Gold, 
ITO(II),  and  ITO(V)  only,  with  error  term 
observer*aircraft,  did  not  find  a  significant  difference 
among  the  3  aircraft  {F(2,2)=0.01,  p-0.9996}.  Means 
were:  Gold=2.1,  ITO(II)=2.1,  and  ITO(V)=2.3.  Note  that 
for  Observer  F  the  mean  for  A- 10  was  2.0. 


Laser  Eve  Protection  NVG  Visual  Acuity  Results 
It  was  assumed  that  there  was  no  interaction  between 
aircraft  and  either  LEP  or  NVG.  For  all  observers  the 
percent  change  from  the  windscreen  Down  condition  was 
averaged  across  aircraft.  The  observers  have  different  N 
for  each  mean.  A  2-factor  repeated  measures  analysis  of 
variance  was  performed  using  this  mean  as  the  dependent 
variable  with  LEP  (WD-2,  WD-2,  and  FV-9)  and  NVG 
(F4949C  and  F4949P)  as  factors.  Observer  interactions 
were  used  as  error  terms.  Results  are  shown  in  Table  4. 

The  main  effect  means  for  the  NVGs  were  F4949C=3.8 
and  F4949P=4.4.  Table  5  contains  the  mean  and  standard 


deviation  of  observers  for  the  LEPs  (after  averaging 
across  NVG).  P-values  are  given  from  a  t-test  for  Ho: 
mean=0. 


Table  4.  ANOVA  results  for  NVG  VA  percent  change 
from  windscreen  Down. _ _ 


Source 

SSQ 

D 

F 

Error 

DF 

F- 

Value 

P- 

Value 

LEP 

379.1 

B 

1  142.4  | 

10 

13.31 

0.0015 

NVG 

3.2 

n 

5 

0.04 

0.8448 

LEP* 

NVG 

49.0 

2 

10 

0.93 

0.4277 

Table  5.  Mean  and  std  of  subjects  (N-6)  for  percent 
change  from  windscreen  Down.  P-value  is  for  Ho: 
mean=0.  _ _ _ 


Percent  Chang 

e 

LEP 

Mean 

Std 

P-value 

WD-1 

0.9 

3.3 

0.5244 

WD-2 

2.8 

5.4 

0.2596 

FV-9 

8.5 

3.2 

0.0013 

Figure  5  contains  the  mean  percent  change  from 
windscreen  Down  for  each  condition.  Using  the 
Bonferroni  paired  comparisons  procedure  with  a  .05 
overall  error  level  (per  comparison  error 
leveK 05/3=0.0167)  the  minimum  significant  difference 
was  4.4  for  comparing  the  means  of  the  percent  change 
from  windscreen  Down. 


Laser  Eye  Protection  Device 


Figure  5.  Mean  percent  change  in  NVG  VA  from 
Windscreen  Down  (No  LEP). 

DISCUSSION  and  CONCLUSIONS 

One  major  problem  of  working  with  visual  acuity  as  a 
dependent  variable  is  the  difficulty  in  determining  what 
visual  acuity  should  be  assigned  to  a  particular  observer 
response  to  the  Visual  Acuity  chart.  The  Visual  Acuity 
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chart  used  for  this  study  was  intended  to  make  an 
objective  assessment  of  VA  by  requiring  the  observer  to 
identify  the  direction  of  the  grating  patches.  Since  there 
were  4  possible  orientations  for  each  patch  and  there  were 
6  patches  for  each  acuity  level  this  made  it  essentially 
impossible  for  observers  to  get  all  correct  answers  for  a 
single  row  by  guessing.  However,  die  problem  arises  as 
to  what  to  use  as  a  cut-off  value  if  the  observer  does  not 
get  all  of  the  orientations  right  in  a  particular  row.  It  is 
possible  to  calculate  the  probability  of  guessing  correctly 
3, 4, 5,  or  6  of  the  patches  in  a  row  so  that  one  may  set  an 
objective  criteria  for  determining  VA.  But,  in  some  cases 
observers  produce  strange  results.  For  example,  one 
observer  in  one  of  the  conditions  had  the  following 
sequence  of  responses:  for  the  20/45.1  row  he  got  all  6 
right,  then  got  only  4  right  in  the  20/40.2  row  but  bounced 
back  and  got  5  in  the  20/35.8  row.  So  what  VA  score 
should  be  assigned  to  this  individual?  It  is  apparent  that 
he  did  significantly  better  than  chance  in  all  3  rows  but  it 
is  also  apparent  that  he  missed  some  indicating  his  NVG 
VA  shouldn’t  be  counted  the  same  as  someone  who  makes 
no  errors  and  gets  the  20/35.8  row  correct  It  is  beyond 
the  scope  of  this  paper  to  solve  this  dilemma,  however, 
this  needed  to  be  explicitly  addresses  as  various  analyses 
on  the  data  used  different  criteria. 

For  the  analysis  comparing  the  effects  of  the  aircraft 
transparency  (by  itself)  on  NVG  visual  acuity,  an 
observer  was  given  the  VA  score  corresponding  to  the 
highest  acuity  level  for  which  he  got  at  least  5  of  the  6 
patches  correct,  but  without  missing  more  than  1  patch  in 
any  row  of  lower  acuity.  In  the  example  above  the 
individual  was  assigned  a  score  of  20/45, 1  since  the  5  he 
got  correct  for  20/35.8  occurred  after  he  missed  2  in  the 
20/40.2  row.  However,  for  the  LEP  analyses  a  simple 
criteria  of  4  correct  was  used.  Both  approaches  are 
defensible  and  the  only  reason  that  there  are  two 
approaches  here  is  because  two  different  individuals  did 
the  analysis  independently  on  the  data  and  established 
their  own  criteria.  This  is  an  area  that  needs  further 
research  in  that  VA  is  quite  often  used  to  assess  effects  of 
different  conditions  but  the  ’'fuzziness”  of  exactly  what 
should  be  used  as  a  criteria  for  VA  may  sometimes  make 
it  difficult  to  assess  or  compare  results. 

With  the  preceding  issue  in  mind,  the  major  conclusions 
of  this  effort  are  that  the  NVG  VA  was  indeed  affected  by 
the  aircraft  transparencies  that  were  used  and  this  effect 
was  correlated  to  the  transparencies  transmission 
coefficients  for  NVG-sensitive  light.  In  addition,  the  LEP 
effect  was  minimal  (non-significant)  for  the  two  LEPs 
that  had  die  highest  luminous  transmission  (as  measured 
for  the  NVGs  used  -  about  75%)  and  statistically 
significant  (although  still  small)  for  the  LEP  that  had  the 
lowest  luminous  transmission  (the  FV-9  at  46% 
transmission).  These  results  are  encouraging  and  are  in 


line  with  past  research  into  the  effects  of  aircraft 
windscreens  and  laser  eye  protection  on  NVG  visual 
acuity.  It  should  be  possible  to  develop  a  model  based  on 
NVG-weighted  transmission  coefficients  (for  the 
windscreens)  and  NVG  phosphor  emission  weighted 
transmission  coefficients  (for  die  LEP)  to  accurately 
predict  NVG  VA  effects.  This  is  a  topic  for  future  work. 
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Summary 

The  purpose  of  the  present  research  was  to  determine  the  effect  of  NVG  image  intensifier 
tube  signal-to-noise  ratio  (SNR)  on  visual  acuity.  Visual  acuity  through  PVS-7  NVGs  was 
measured  for  twelve  subjects  at  quarter  moon  and  starlight  illumination  levels  for  four 
intensifier  tubes  with  different  SNRs.  The  range  of  SNRs  examined  was  11.37  to  17.92. 
Visual  acuity  was  assessed  using  Landolt  C  charts  with  target  contrasts  of  20  and  95  percent. 
The  results  showed  that  image  intensifier  tube  SNR,  illumination  level,  and  contrast  had 
significant  effects  on  visual  acuity.  Regression  analyses  were  performed  to  obtain  estimated 
equations  relating  SNR  to  visual  acuity  for  each  illumination  and  contrast  condition. 

The  results  showed  a  trend  toward  SNR  having  a  greater  impact  on  visual  acuity  at  the 
two  lowest  illumination  conditions  than  at  the  higher  illumination  condition.  The  results 
were  used  to  produce  guideline  tables  for  estimating  percent  increases  in  visual  acuity  as 
a  function  of  intensifier  tube  SNR.  Due  to  the  large  differences  between  subjects  in  visual 
acuity  performance  with  NVGs,  it  was  concluded  that  further  research  should  be  conducted 
to  examine  the  correlation  between  visual  acuity  obtained  for  unaided  normal  room  light 
viewing  and  NVG  viewing. 
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Introduction 


Night  vision  goggles  (NVGs)  have  been  developed  by  the  US  Army  for  use  in  night 
military  operations.  The  key  component  of  these  devices  is  the  image  intensifier  tube. 
The  image  intensifier  tube  is  basically  a  light  amplifier  that  is  sensitive  over  the  spectral 
region  of  about  600nm  to  900nm  (for  the  third  generation  intensifier).  There  are  a  number 
of  parameters  that  are  used  to  characterize  the  image  intensifier  such  as  gain,  resolution, 
brightness,  distortion,  signal-to-noise  ratio,  etc  (see  Csorba  [1]  ).  Measurement  procedures 
exist  for  determining  the  value  of  these  parameters  and  others.  However,  there  have  been 
very  few  studies  that  relate  these  parameters  to  their  impact  on  human  visual  performance 
with  the  NVGs.  Specifically,  no  studies  could  be  found  that  related  the  signal-to-noise 
ratio  (SNR)  with  human  visual  acuity  even  though  there  exist  specifications  as  to  the  SNR 
required  for  image  intensifiers. 

The  purpose  of  the  study  described  herein  was  to  determine  the  effect  of  SNR  on  visual 
acuity.  Four  PVS-7,  third  generation  image  intensifier  tubes  were  acquired  that  had  four 
different  SNRs,  The  FVS-7  tube  was  chosen  because  the  PVS-7  NVGs  use  a  single  objective 
lens  and  a  single  image  intensifier  that  is  imaged  to  both  eyes  via  beamsplitting  optics  and 
two  eyepieces.  This  allowed  the  subject  to  observe  the  image  through  the  NVGs  with  both 
eyes. 

Visual  acuity  is  normally  measured  by  determining  the  minimum  angular  subtense  of 
a  specified  test  character  (e.g.  Landolt  “C”,  tumbling  KE*%  or  Snellen  letter)  at  which  an 
observer  can  determine  the  orientation  of  the  character  (Landolt  “C”,  tumbling  UE”)  or 
be  able  to  read  the  character  (Snellen  letters).  A  typical  eye  chart  used  for  this  type  of 
measurement  consists  of  lines  of  characters  of  different  sizes.  However,  these  charts  are 
designed  for  use  in  vision  screening  and,  due  to  the  character  size  increments,  are  not  very 
well  suited  for  research. 

Two  other  factors  that  affect  visual  acuity  (both  direct  view  and  through  night 
vision  goggles)  are  contrast  and  illumination  level.  Visual  acuity  tends  to  be  poorer  for 
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lower  contrast  levels  and  lower  illumination  levels. 

Based  on  this  information,  it  was  decided  to  investigate  visual  acuity  with  the  P  VS-7 
NVGs  for  two  different  illumination  levels  and  two  different  contrasts.  It  was  also  necessary 
to  develop  a  methodology  by  which  the  angular  subtense  of  the  visual  acuity  test  character 
could  be  made  continously  variable  to  permit  more  accurate  determination  of  acuity.  Since 
angular  subtense  depends  on  the  distance  from  the  subject  to  the  test  target,  a  technique 
was  used  that  continuously  varied  this  distance  in  a  controlled  fashion.  The  subject  was 
seated  in  a  cart  that  moved  at  a  uniform  speed  along  a  track  toward  the  test  target.  This 
methodology  provided  an  excellent  means  of  getting  a  sensitive  measure  of  visual  acuity. 
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Method 


2.1  Subjects 

Twelve  male  volunteers  participated  in  this  study.  The  subjects  ranged  in  age  from  18 
to  34  years  (mean  =  23.8,  SD  =  5.0).  Each  subject  reported  good  ocular  health  and  visual 
acuity  of  at  least  20/20  corrected  in  each  eye  for  distance  vision. 

2.2  Facilities  and  Equipment 

The  facility  used  for  data  collection  was  the  zoom  lane,  see  Figure  2.1,  located  in 
the  Visual  Dynamics  Facility,  Armstrong  Aerospace  Medical  Research  Laboratory,  Human 
Engineering  Division,  Wright-Patterson  AFB,  Ohio.  The  equipment  comprising  the  zoom 
lane  was  an  electronically  controlled  cart  powered  by  an  electric  motor  and  operated  via  a 
retractable  cable  system.  The  cart  itself  contained  a  height  adjustable,  high-backed  seat, 
a  side  stick  controller  to  input  cart  stop  commands  and  an  armrest  to  reduce  arm  fatigue 
during  the  experiment.  A  black  plexiglass  board  was  positioned  on  the  front  of  the  cart 
such  that  it  could  be  raised  to  occlude  vision  between  experimental  runs.  The  subject  was 
seated  inside  the  cart,  which  traveled  along  a  12.2  meter  (m)  track.  System  control  was 
provided  by  a  Zenith  248  computer,  which  allowed  the  experimenter  to  input  movement 
commands  (e.g.,  starting,  stopping,  velocity  and  direction)  and  data  collection  functions 
from  a  remote  control  panel. 

A  moonlight  simulator  was  used  to  approximate  the  spectral  characteristics  and  lumi¬ 
nance  intensity  levels  of  different  phases  of  the  moon.  It  was  mounted  on  a  tripod  which 
was  adjusted  to  provide  calibrated  illumination  on  the  surface  of  the  Landolt  C  charts  used 
as  visual,  stimuli  for  assessing  visual  acuity.  A  Photo  Research  PR-1980b  Pritchard  Pho¬ 
tometer  was  used  to  measure  the  photometric  luminance  of  the  charts  and  background. 
This  was  performed  several  times  during  each  session  to  verify  that  the  luminance  of  the 
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Figure  2.1:  AAMRL  Zoom  Lane  Laboratory 
chart  remained  constant. 

A  pair  of  ITT  AN/PVS-7B  biocular  night  vision  goggles  (NVGs)  were  used  as  the 
optical  test  platform  for  this  research.  Four  ITT  third  generation  image  intensifier  tubes 
with  similar  characteristics,  but  different  signal-to-noise  ratios  were  used. 

The  AN/PVS-7B  NVGs,  like  most  NVGs,  have  a  relatively  fast  (low  F/number) 
objective  lens  to  gather  as  much  light  as  possible  to  enhance  performance  of  the  NVGs. 
However,  this  low  F/number  also  reduces  the  depth  of  focus  of  the  NVGs  which,  for  the 
present  experimental  procedure,  posed  a  problem.  Since  the  dependent  variable  of  this 
experiment  was  the  angular  subtense  of  the  acuity  target  obtained  by  varying  the  distance 
from  the  observer  to  the  chart,  a  large  depth  of  focus  was  required.  The  depth  of  focus 
needed  to  be  sufficiently  large  that  the  quality  of  the  image  would  not  be  degraded  over  the 
zoom  lane  cart  distance  range  (12.2  to  3.05  m;  see  Fig  2.2). 

Depth  of  focus  can  easily  be  increased  by  reducing  the  objective  lens  aperture  of  the 
NVGs.  However,  this  reduces  the  irradiance  produced  by  the  lens  at  the  input  side  of  the 
image  intensifier  tube.  This  effect  can  be  corrected  by  increasing  the  radiance  of  the  target 


56 


to  compensate  for  the  light  energy  lost  due  to  reducing  the  objective  lens  aperture.  Since 
the  irradiance  at  the  image  plane  of  a  lens  (the  input  side  of  the  NVGs  in  this  case)  is 
proportional  to  the  square  of  the  clear  aperture  of  the  lens  (usually  the  lens  diameter),  then 
the  revised  radiance  necessary  can  be  calculated  from  the  square  of  the  ratio  of  the  original 
lens  diameter  to  the  modified  lens  system  diameter  (the  aperture  placed  over  the  lens).  The 
PVS-7  lens  has  an  effective  diameter  of  20.8  mm.  and  the  aperture  used  to  increase  depth 
of  focus  was  4  mm.  Thus  the  target  radiance  was  increased  by  a  factor  of  (^p)2  or  27. 
Table  2.1  lists  some  converted  values  used  for  this  study. 

2.3  Stimuli 

Visual  Acuity  Charts 

The  Landolt  G  chart  format  was  chosen  as  the  visual  stimulus  for  measuring  acuity 
in  this  study.  Visual  acuity  was  assessed  for  two  levels  of  positive  letter-io-background 
contrast,  20  and  95  percent.  Modulation  contrast  (C)  was  calculated  using  the  following 
equations 

c  _  BackgrndLum  -  TargetfjUrn 
Backgrtidtum  +  TargetLum 

A  visual  acuity  of  20/20  represents  detection  of  a  gap  width  (open  end  of  C)  subtending 
1  minute  of  arc,  using  the  Landolt  C  procedure.  The  Landolt  C  letter  size  is  five  times 
its  gap  width.  Two  letter  sizes  were  used  to  ensure  that  both  the  high  and  low  contrast 
letters  would  remain  in  focus  and  could  be  resolved  within  the  zoomlane  range  (12.2  m  to 
3.05  m).  Letters  having  gap  widths  of  4.7  mm  and  7.8  mm  were  used  for  the  high  and 
low  contrast  conditions,  respectively.  These  represented  Snellen  fraction  sizes  of  20/36  and 
20/57  at  a  distance  of  9,1  m  (30  ft.).  The  Landolt  Cs  were  displayed  on  acuity  charts  which 
measured  0.15  m  by  0.61  m  and  contained  high  contrast  or  low  contrast  letters  on  a  white 
background.  The  letters  were  separated  by  a  distance  of  70  mm. 

Each  trial  was  initiated  at  a  distance  of  12.2  m  from  the  acuity  chart.  The  trial  ended 
when  the  subject  was  able  to  determine  the  orientation  of  each  C  on  the  chart.  The  change 
in  angplar  subtense  of  the  Landolt  C  gap  as  a  function  of  distance  from  the  acuity  chart  is 
plotted  in  Figure  2.2  for  both  high  and  low  contrast  letters. 
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DISTANCE  FROM  ACUITY  CHART  iMlartl 
□  m  CONTRAST  ♦  m  CONTRAST 

Figure  2.2:  Change  in  Landolt  C  gap  angular  subtense  as  a  function  of  zoomlane  distance 
for  20%  and  95%  letters 

Luminance  Levels 

The  Landolt  C  target  stimuli  were  presented  on  white  foam  core  boards  having  a 
reflectance  of  approximately  100  percent.  Since  there  is  a  convention  in  the  night  vision 
goggle  community  to  relate  illumination  levels  to  fraction  of  moon  illumination,  it  was 
necessary  to  make  some  assumptions  in  order  to  arrive  at  an  appropriate  reflected  luminance 
level  from  the  target  test  chart. 

The  first  concern  was  determining  what  level  of  illumination  was  considered  to  be  “full 
moon”.  From  the  RCA  Electro-Optics  Handbook  [2]  ,  a  value  of  0.0235  foot-Candles  (ft.-C) 
illumination  is  listed  as  maximum  full  moon  illumination.  It  should  be  noted  that  actual 
moon  illumination  depends  heavily  on  weather  conditions  (light  haze  can  reduce  illumina¬ 
tion  considerably),  moon  elevation  level  above  the  horizon,  and  orientation  of  the  surface 
illuminated.  Further,  the  vast  majority  of  naturally  occurring  objects  have  a  reflectance 
factor  considerably  less  than  unity,  thus  reducing  the  apparent  luminance  of  the  object. 
For  purposes  of  this  study,  it  was  decided  to  have  the  white  areas  of  the  stimulus  target 
simulate  a  50%  reflective  Lambertian  (fully  scattering)  surface.  Due  to  the  way  English 
units  of  luminance  and  illuminance  are  defined,  one  foot-candle  of  illumination  gives  rise 
to  one  foot-Lambert  of  luminance  for  illumination  falling  on  a  perfect  Lambertian  reflector 
with  unity  reflectance. 
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Table  2.1:  Moon  illumination  and  acuity  chart  luminance  values  used  in  present  experiment 


MOON 

ILIUM. 

LEVEL 

DESIRED 

ILLUM. 

(Ft.-C) 

ASSUMED 

REFLECT. 

(percent) 

DESIRED 

LUM. 

(Ft.-L) 

ADJUST. 

FACTOR 

REQ.  CHART 
LUMINANCE 
(Ft.-L) 

Pull 

0.0235 

50 

0.0118 

27 

0.3186 

0.25 

0.00588 

50 

6.00294 

27 

0.0794 

0.01 

0.000235 

50 

0.000118 

27 

6.0032 

Based  on  these  assumptions:  1)  full  moon  illumination  is  0.0235  ft.-C,  2)  the  stimulus 
target  is  Lambertian  (perfectly  diffusing);  and  3)  a  50%  reflective  surface  is  desired,  the  sim¬ 
ulated  moon  illumination  source  should,  for  full  moon  illumination,  be  adjusted  to  provide 
an  illumination  of  0.0235/2  or  0.0118  ft.-C,  which  gives  rise  to  0.0118  ft.-L  luminance,  at  the 
white  areas  of  the  target.  This  value  is  for  the  NVGs  with  no  aperture  over  the  lens.  If  the 
aperture  is  in  place,  this  value  needs  to  be  increased  by  a  factor  of  27  as  discussed  earlier. 
Table  2.1  lists  the  fractional  moon  illumination  levels,  the  corresponding  target  luminance 
that  would  result  from  a  50%  reflective  surface,  and  the  luminance  that  was  required  to 
compensate  for  the  4mm  aperture  over  the  objective  lens  of  the  NVGs. 

2.4  Procedure 

Training  Trials 

Prior  to  data  collection  each  subject  participated  in  one  block  of  eight  trials;  two  at 
each  illumination  and  contrast  condition.  These  trials  served  to  familiarize  subjects  with 
the  task  while  allowing  for  dark  adaptation.  Each  subject  was  individually  tested  following 
the  same  procedure  outlined  for  the  data  collection  trials.  On  each  training  trial,  subjects 
were  presented  a  chart  containing  four  Landolt  Cs  of  diminishing  size.  Subjects  stopped 
the  cart  and  called  out  the  orientation  of  each  C  in  succession,  starting  with  the  largest. 
The  cart  was  advanced  forward  until  each  C  orientation  was  correctly  identified. 

Data  Collection  Trials 

Each  subject  performed  the  experiment  seated  in  the  cart  which  moved  at  a  constant 
velocity  of  0.25  meters  per  second  toward  the  acuity  chart.  At  the  beginning  of  each  trial, 
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the  cart  was  positioned  so  that  the  subject’s  eyes  were  at  a  distance  of  12.2  m  from  the  acuity 
chart.  During  data  collection,  all  the  Landolt  Cs  on  a  given  chart  were  the  same  size.  After 
verifying  that  the  subject  was  ready  and  the  NVGs  were  properly  focussed,  the  experimenter 
initiated  cart  movement  from  the  computer  workstation.  Upon  cart  movement,  the  subject 
lowered  the  vision  occluder  and  viewed  the  acuity  chart.  The  subject  stopped  the  cart  by 
depressing  the  trigger  switch  on  the  side  stick  controller  when  he  was  “virtually  certain”  he 
could  determine  the  orientation  of  all  of  the  Cs.  After  stopping  the  cart,  the  subject  read 
aloud  the  orientation  of  each  C.  If  the  subject’s  responses  were  correct,  the  distance  was 
recorded  and  the  cart  returned  to  the  starting  position.  If  an  incorrect  response  was  made 
or  the  experimenter  was  uncertain  of  the  subject’s  response,  the  subject  was  asked  to  read 
the  entire  chart  again.  If  the  response  was  incorrect,  the  cart  was  advanced  forward  until 
the  subject  could  correctly  determine  the  orientation  of  each  letter  or  until  the  end  of  the 
track  was  reached.  After  each  trial,  the  subject  raised  the  vision  occluder  and  rested  while 
the  cart  was  returned  to  the  starting  position. 


2.5  Experimental  Design 


This  study  incorporated  a  2x2x4  repeated  measures  experimental  design.  The  indepen¬ 
dent  variables  were  the  illumination  level  (0.01  and  0.25  moon),  the  contrast  of  the  acuity 
charts  (20  and  95  percent)  and  the  signal  to  noise  ratio  (SNR)  of  the  four  image  intensifying 
tubes  (17.92,  15.28, 13.71  and  11.37).  The  dependent  variable  was  visual  acuity  (measured 
as  the  minimum  angle  of  resolution  computed  from  the  distance  from  the  acuity  targets 
when  the  subject  correctly  identified  the  orientation  of  all  Cs.  Each  subject  participated  in 
32  data  collection  trials,  two  at  each  experimental  condition.  The  trials  were  grouped  across 
the  four  image  intensifier  tubes  and  presented  in  blocks  of  eight.  The  order  of  presentation 
of  the  four  blocks  was  counterbalanced  across  the  twelve  subjects. 
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Results 


The  distance  from  the  NVG  objective  lens  to  the  acuity  chart  was  recorded  on  each 
trial  and  used  to  compute  the  mean  resolution  angle  in  minutes  of  arc  for  each  condition. 
The  data  was  then  transformed  to  1/min.  of  arc  as  a  measure  of  visual  acuity.  For  ease 
of  interpretation,  visual  acuity  will  be  used  instead  of  resolution  angle  when  describing  the 
results  and  conclusions. 

3.1  AN  OVA  Results 

An  analysis  of  variance  (ANOVA)  was  conducted  on  the  visual  acuity  data  (1/min. 
of  arc).  The  independent  variables  in  the  ANOVA  were  SNR.  of  the  image  intensifier  tube 
(4),  illumination  level  (2),  and  contrast  (2).  SNR  was  considered  a  categorical  independent 
variable  in  the  ANOVA,  since  the  signal-to-noise  ratio  may  not  be  the  only  factor  differenti¬ 
ating  the  four  tubes  tested.  F  tests  involving  effects  with  more  than  one  degree  of  freedom 
in  the  numerator  had  a  Geisser- Greenhouse  correction  performed  [3].  All  pairwise  mean 
comparisons  were  done  using  paired  t-tests  from  reduced  models. 

The  mean  visual  acuity  obtained  for  each  intensifer  tube  as  a  function  of  contrast  and 
illumination  is  in  Figure  3.1.  The  results  of  the  ANOVA  showed  significant  main  effects 
of  SNR  (P=0.0021),  illumination  (P=0.0001),  and  contrast  (P=0,0001)  on  visual  acuity, 
with  increases  in  each  variable  resulting  in  increased  visual  acuity.  The  ANOVA  revealed 
significant  interactions  for  SNR  by  illumination  (P=0.Q061)  and  illumination  by  contrast 
(P=0.0183).  A  summary  table  of  the  ANOVA  results  is  provided  in  Appendix  A. 

Tests  for  simple  interactions  were  performed  within  the  SNR  by  illumination  interaction 
(displayed  in  Figure  3.2)  to  isolate  the  source  of  the  interaction.  The  tests  showed  significant 
interaction  (P=0.0131)  only  when  tube  SNR  =  15.28  was  used  with  each  of  the  other  levels 
of  SNR,  indicating  that  the  effect  of  illumination  was  consistent  across  the  three  remaining 
tubes  tested. 
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Figure  3.1:  Mean  visual  acuity  as  a  function  of  SNR,  illumination,  and  contrast 
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Figure  3*2:  Mean  visual  acuity  as  a  function  of  tube  SNR  and  illumination  averaged  across 
contrast 
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Figure  3.3:  Mean  visual  acuity  as  a  function  of  illumination  and  contrast  averaged  across 
SNE 

Inspection  of  the  significant  illumination  by  contrast  interaction  (Figure  3.3)  indicates 
that  the  mean  difference  in  visual  acuity  between  the  two  contrast  conditions  was  signif¬ 
icantly  greater  at  the  0.01  moon  illumination  than  at  the  0.25  moon  level.  T-tests  also 
revealed  that  for  each  level  of  SNR  and  contrast,  visual  acuity  was  significantly  greater  at 
the  0.25  moon  illumination  level  at  the  0.001  significance  level. 


3.2  Regression  Analysis 

Regression  analyses  were  performed  on  the  visual  acuity  data  to  obtain  an  estimated 
equation  relating  intensifier  tube  SNR  to  visual  acuity.  Separate  regressions  were  performed 
for  each  of  the  four  illumination  and  contrast  conditions.  In  each  regression,  the  independent 
variable  was  1/SNR  and  the  dependent  variable  was  acuity  in  1/min.  of  arc.  The  reciprocals 
were  used  since  the  relationship  between  SNR  and  acuity  is  asymptotic,  and  they  provided 
a  better  fitting  curve  to  the  data  than  a  linear  model.  The  estimated  equations  are  listed  in 
Table  3.1  for  each  illumination  and  contrast  condition.  Plots  of  each  estimate  are  displayed 
in  Figure  3.4.  Analysis  of  covariance  indicated  that  the  estimates  describing  the  relationship 
between  SNR  and  visual  acuity  did  not  differ  significantly  across  the  four  illumination  and 
contrast  conditions,  (P  =  0.016). 

The  equations  listed  in  Table  3.1  were  used  to  produce  tables  of  guidelines  for  predicting 
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percent  increases  in  acuity  for  a  range  of  SNRs  from  10  to  20,  (Tables  4.1  through  4.4). 
Relative  percent  increases  in  visual  acuity  predicted  for  the  SNRs  tested  in  this  study  are 
listed  in  Table  3.2  for  each  condition.  The  values  in  this  table  represent  the  percent  increase 
in  acuity  predicted  when  increasing  from  a  specific  SNR  value  (left  column)  to  a  higher  SNR 
value  (top  row).  Due  to  the  significant  interaction  involving  tube  SNR  15.28,  the  regression 
analysis  was  performed  again  without  this  tube  included.  The  estimated  equations  for  this 
regression  are  listed  in  Table  3.3. 
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Figure  3.4:  Estimated  equations  depicting  relationship  between  SNR  and  visual  acuity  for 
each  illumination  and  contrast  condition 


Table  3.1:  Estimated  Equations  for  each  illumination  and  contrast  condition 
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Table  3.2:  Percent  increase  in  visual  acuity  from  a  lower  SNR  (left  column)  to  a  greater 
SNR  (top  row)  between  the  SNRs  used  in  this  study 
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Table  3.3:  Estimated  equations  with  tube  SNR  15.28  excluded  from  analysis 
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Discussion 


The  purpose  of  this  study  was  to  quantify  the  relationship  between  NVG  image  Inten- 
sifier  tube  signal-to-noise  ratio  and  human  visual  acuity.  The  results  showed  that  increases 
in  intensifer  tube  SNR  resulted  in  better  visual  acuity  at  both  quarter  moon  and  starlight 
illumination  for  both  high  and  low  contrast  targets.  The  functions  describing  tbe  relation¬ 
ship  between  SNR  and  acuity  did  not  statistically  differ  across  the  four  conditions  tested* 
although  there  was  a  trend  toward  SNR  having  a  greater  impact  on  acuity  under  lower 
visibility  conditions.  This  trend  failed  to  reach  significance  due  to  the  large  amount  of 
variability  between  subjects  and  the  small  number  of  intensifier  tube  SNRs  tested.  A  study 
using  more  subjects  and  a  greater  number  of  SNR  levels  may  be  expected  to  result  in  a 
significant  effect  of  SNR  on  acuity  under  low  illumination  and  contrast  conditions.  The 
effects  of  target  contrast  and  illumination  on  acuity  were  as  expected*  with  higher  contrast 
and  lUumination  levels  resulting  in  better  visual  acuity. 

The  results  of  the  regression  analyses  were  used  to  generate  tables  of  guidelines  for 
predicting  percent  increases  in  acuity  as  a  function  of  SNR.  These  guidelines,  contained 
in  Tables  4.1  through  4.4,  allow  the  user  to  estimate  percent  increases  in  visual  acuity 
performance  over  an  SNR  range  of  10  to  20.  The  values  in  the  tables  are  estimated  percent 
increases  in  visual  acuity  as  SNR  is  increased  from  a  lower  value  (left  column)  to  a  greater 
value  (top  row). 

Inspection  of  these  tables  reveals  that  improvements  in  visual  acuity  with  increases  in 
SNR  vary  depending  upon  the  illumination  and  contrast.  For  example,  Table  4.1  shows 
that  doubling  SNR  (from  10  to  20)  results  in  a  40%  improvement  in  visual  acuity  for 
low  illumination  and  low  contrast.  However,  the  same  increase  in  SNR  results  in  only 
a  15%  increase  in  acuity  for  both  the  20%  and  90%  contrast  targets  at  quarter  moon 
iUumination  (Tables  4,3  and  4.4).  Therefore,  increases  in  SNR  have  their  greatest  impact 
on  visual  performance  under  conditions  of  lower  illumination.  This  is  better  illustrated  by 
the  following  example. 
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It  might  be  expected  that  an  individual’s  visual  acuity  performance  with  intensifier  tubes 
having  an  SNR  of  20  would  be  significantly  better  than  the  acuity  achieved  with  an  SNR 
of  15  (a  33%  difFerei.ee  in  SNR).  However,  the  present  results  show  that  such  an  increase 
results  in  only  an  estimated  13%  improvement  in  acuity  for  20%  contrast  targets  and  a  7% 
improvement  for  the  95%  contrast  targets  at  .01  moon  illumination  (Tables  4.1  and  4.2). 
Likewise,  the  same  increase  in  SNR  fo  quarter  moon  illumination  improves  acuity  by  only 
5%  for  both  levels  of  contrast  (Tables  4.3  and  4.4).  This  may  be  a  negligible  improvement 
for  some  NVG  scenarios. 

It  should  be  noted  that  the  values  in  the  tables  are  estimated  increases  predicted  from 
“best  case”  laboratory  viewing  conditions.  These  values  also  represent  average  increases 
derived  from  the  mean  acuity  of  the  individuals  tested  in  this  study.  Operational  scenarios, 
employing  other  measures  of  acuity  for  different  individuals,  may  yield  different  results. 

Subject  variability  also  proved  to  be  a  significant  factor  affecting  visual  acuity  through 
NVGs  in  the  present  study.  Although  all  subjects  reported  20/20  visual  acuity  prior  to 
testing,  acuity  for  NVG  viewing  ranged  from  20/108  to  20/175  in  the  most  degraded  vis¬ 
ibility  condition  (low  illumination,  low  contrast)  and  from  20/42  to  20/65  in  the  highest 
illumination  and  contrast  condition.  Inspection  of  the  data  showed  only  slight  differences 
in  the  subjects’  rank  order  acuity  performance  across  the  four  conditions,  indicating  that 
certain  subjects  were  consistently  better  in  their  acuity  performance  than  others.  This  may 
have  been  due  to  differences  between  subjects  in  the  criterion  adopted  when  responding 
to  the  acuity  charts.  Subjects  showing  poorer  acuity  may  have  been  more  conservative 
in  responding,  causing  them  to  come  in  closer  to  the  acuity  chart  before  making  a  deci¬ 
sion;  whereas,  subjects  with  better  acuity  may  have  been  less  conservative  in  making  their 
responses  and  stopped  the  cart  at  greater  distances  from  the  acuity  chart.  This  subject 
variability  also  suggests  that  an  individual’s  acuity  through  NVGs  may  not  be  correlated 
with  acuity  measured  for  unaided  normal  room  light  viewing.  This  could  have  implications 
for  NVG  selection  and  training  criteria,  where  a  reliable  pre-flight  method  of  determining 
expected  acuity  levels  during  NVG  flight  missions  is  necessary.  Further  research  should  be 
done  to  determine  if  a  correlation  exists  between  acuity  measured  for  unaided  viewing  and 
NVG  viewing. 


Table  4.1:  Prediction  Matrix  for  SNR- Visual  Acuity  .01  Moon  20%  Contrast 
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Table  4.2:  Prediction  Matrix  for  SNR- Visual  Acuity  .01  Moon  95%  Contrast 
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Table  4.3:  Prediction  Matrix  for  SNR- Visual  Acuity  .25  Moon  20%  Contrast 


PERCENT  INCREASE  IN  ACUITY 


SNR 

11 

13 

13.71 

|14 

15 

15.28 

16 

18 

19 

20 

3 

4 

5 

7 

9 

10 

11 

12 

12 

13 

13 

14 

15 

11 

P 

1 

2 

4 

6 

8 

9 

10 

11 

11 

11 

12 

m 

- 

2 

4 

5 

8 

9 

11 

11 

12 

- 

- 

- 

2 

3 

6 

7 

8 

8 

10 

13 

- 

- 

- 

- 

1 

4 

5 

6 

6 

8 

13.71 

- 

- 

- 

- 

0 

3 

4 

5 

5 

7 

14 

- 

- 

- 

- 

1 

3 

4 

5 

5 

6 

15 

- 

- 

* 

- 

- 

■ 

0 

1 

2 

3 

3 

5 

15.28 

- 

- 

- 

- 

1 

2 

3 

3 

5 

16 

- 

- 

- 

- 

- 

1 

2 

2 

3 

4 

17 

- 

- 

- 

- 

n 

- 

- 

1 

1 

2 

3 

17.92 

- 

- 

- 

■ 

- 

- 

- 

1 

2 

18 

■ 

* 

- 

- 

- 

- 

m 

1 

- 

- 

- 

- 

1 

2 

19 

■ 

- 

- 

- 

. 

- 

H 

- 

- 

- 

- 

- 

1 

Table  4.4:  Prediction  Matrix  for  SNR-Visual  Acuity  .25  Moon  95%  Contrast 
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Appendix 


The  results  of  the  ANOVA  conducted  on  the  visual  acuity  data  are  summarized  in 
Table  5.1  below. 


Table  5.1:  Analysis  of  Variance  (ANOVA)  Summary  Table 


SOURCE 

SUM  OF  SQ. 

NUM  DF 

DEN  DF 

F 

p 

litwwi 

EPSILON 

SNR 

0.06769 

3 

33 

8.55 

mm 

0.0021 

0.639 

ILLUM 

1.57146 

1 

11 

295.03 

NA 

NA 

CON 

1.05767 

1 

11 

423.98 

0.0001 

NA 

NA 

SNR*ILL 

0.01235 

3 

33 

6.00 

0.0022 

0.0061 

0.7431 

SNR*CON 

0.00116 

3 

33 

0.90 

0.4501 

0.4287 

0.7481 

ILL*CON 

0.00890 

1 

11 

7.66 

0.0183 

NA 

NA 

SNR*ILL*CON 

0.00468 

3 

33 

1,67 

0.1926 

0.2117 

0.6609 

etl.SL  Government  Printing  Officer  1991  —  64S-069/40223 
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THE  EFFECT  OF  EYEPIECE  FOCUS  ON  VISUAL  ACUITY  THROUGH  ANVIS 
NIGHT  VISION  GOGGLES  DURING  SHORT-  AND  LONG-TERM  WEAR 


INTRODUCTION 

The  AN/AVS-6  Aviator  Night  Vision  Imaging  System  (ANVIS)  is  a  helmet-mounted  binocular 
night  vision  goggle  used  by  military  aviators.  ANVIS  is  similar  to  unity  magnification 
binoculars  in  that  it  has  two  parallel  eye  tubes  to  view  through  (Figure  1).  Each  eye  tube  has 
three  rudimentary  parts:  objective  lens,  image  intensifier  tube,  and  eyepiece  lens.  The  objective 
lens  collects  and  focuses  light  on  the  image  intensifier  tube.  The  image  intensifier  tube  amplifies 
and  transduces  near-infrared  light  into  visible  light.  The  eyepiece  acts  as  a  simple  magnifier  to 
view  the  image  produced  by  the  image  intensifier  tube. 

The  objective  and  eyepiece  lenses  are  focused  monocularly.  These  lenses  are  independent  of 
each  other  in  that  one  cannot  compensate  for  blur  caused  by  the  other.  The  objective  lens  focuses 
ANVIS  to  different  distances,  changing  image  clarity  without  changing  the  stimulus  to  visual 
accommodation.  The  eyepiece  lens  determines  the  optical  distance  of  the  image  seen  by  the  eye, 
and  thereby  regulates  the  accommodative  stimulus.  During  eyepiece  focusing,  the  eyepiece  is 
moved  closer  to,  or  further  from,  the  image  intensifier  tube,  thereby,  changing  the  optical 
distance  of  the  eyepiece  image.  Eyepiece  focus  (EF)  is  equal  to  the  reciprocal  of  the  image 
distance  and  is  expressed  in  terms  of  diopters  (or  reciprocal  meters).  Negative  EFs  produce 
optical  images  that  are  closer  than  optical  infinity.  For  example,  an  eyepiece  with  a  -2  diopter 
EF  (i.e.,  -2  diopter  eyepiece)  produces  an  optical  image  that  is  (2'1  =)  0.5  meters  away.  A  zero 
diopter  eyepiece  produces  an  image  at  optical  infinity.  Inceptive  night  vision  goggles  required 
adjustable  eyepieces  to  compensate  for  refractive  error  because  their  short  eye  relief  precluded 
concurrent  spectacle  wear.  Modem  night  vision  goggles  have  adequate  eye  relief;  yet,  adjustable 
eyepieces  remain  in  the  designs  of  future  night  vision  goggles. 
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Figure  1.  The  Aviator’s  Night  Vision  Imaging  System. 

Adjustable  eyepieces  seem  necessary  for  ANVIS  users  to  “optimize”  vision,  and  to  re-focus  for 
changing  visual  requirements.  There  is  much  scientific  evidence  (Leibowitz  and  Owens. 

I975a.b,  1978;  Hennessy.  1975;  Johnson,  1976;  Smith.  1983;  Owens  1984)  suggesting  that 
visual  accommodation  is  biased  towards  intermediate  distances  (0.5  to  2  meters),  blurring  distant 
objects  particularly  under  a  variety  of  conditions  relevant  to  ANVIS.  These  conditions  include 
instrument-viewing,  lowr  luminance,  and  featureless  environments  (Smith,  1983;  Owens.  1984); 
the  respective  resulting  over-accommodations  art  called  instrument  myopia,  night  myopia,  and 
empty-field  myopia.  This  accommodative  bias  is  thought  to  fully  manifest  in  the  dark  and  is 
therefore  often  called  (the  eye's)  "dark  focus.”  Johnson  (1976)  reported  that  monocular  vision  is 
best  for  objects  located  near  dark  focus.  Since  dark  focus  is  idiosyncratic  (Leibowitz  and  Owens, 
1975a,  1978).  adjustable  eyepieces  seem  necessary  to  satisfy  all  ANVIS  users.  Indeed,  Kotulak 
and  Morse  (1994a,  c)  reported  visual  acuity  (VA)  through  ANVIS  improved  23%  when  the 
eyepieces  were  subject-adjusted  than  when  set  to  zero  diopters. 


Kotulak  and  Morse  (1994a, b)  also  measured  eye  focus  while  subjects  viewed  a  distant  chart 
unaided,  and  then  through  ANVIS  with  zero  diopter  eyepieces.  Eye  focus  averaged  0.35  diopters 
for  both  conditions,  indicating  no  instrument  myopia  occurred.  However,  their  subjects  over¬ 
focused  the  eyepieces  (-1.13  diopters)  despite  the  absence  of  instrument  myopia.  And,  the 
eyepieces  were  not  adjusted  for  dark  focus  (+0.45  diopters)  either.  (Note,  negative  EF 
corresponds  with  positive  eye  focus  similar  to  how  negative  spectacle  lenses  compensate  for 
myopic  eye  focus,  or  nearsightedness.)  So,  eyepiece  adjustment  did  not  depend  on  dark  focus 
nor  instrument  myopia.  This  raises  the  possibilities  that  the  eyepieces  were  not  adjusted  for 
optimum  VA  and  consequently  that  single-focus  eyepieces  may  perform  as  well. 

Single-focus  eyepieces  have  distinct  advantages  over  adjustable  eyepieces.  Single-focus 
eyepieces  are  simpler,  lighter,  and  cheaper  because  focus  mechanisms  are  not  needed.  Shorter 
single-focus  eyepieces  would  reduce  ANVIS’s  overall  length,  bringing  the  center-of-gravity 
closer  to  the  head  while  maintaining  eye  relief.  Adjustable  eyepieces  require  a  telecentrie  optical 
design  to  minimize  changes  in  image  size  and  brightness  as  the  eyepiece  is  adjusted  (Keating, 
1988).  Single-focus  eyepieces  lack  this  requirement  and  therefore  can  be  better  optimized  for 
optical  aberrations  such  as  curvature-of-field  and  astigmatism.  Finally,  single-focus  eyepieces 
would  eliminate  a  precarious  adjustment  along  with  its  requisite  training. 

An  unpublished  1993  in-house  survey  reported  that  most  Air  Force  users  considered  focusing  to 
be  the  most  frequent  and  difficult  of  all  ANVIS  adjustments.  This  result  is  not  surprising  for  at 
least  two  reasons.  First,  ANVIS’s  compact  fast  optics  makes  focusing  a  sensitive  task.  The 
objective  and  eyepiece  lenses  (focal  length  =  27  mm)  produce  a  1.4  diopter  change  in  EF  for  each 
millimeter  of  lens  translation,  making  smooth  precise  changes  in  optical  power  difficult  to 
accomplish.  Also,  the  objective  lenses  (f-number  =  1.2)  produce  tiny  depths-of-field.  Assuming 
ANVIS’s  resolution  is  limited  by  the  image  intensifier  tube  (i.e.,  17.5  cycles  per  degree,  or  about 
20/35  Snellen),  ANVIS’s  depth-of-field  is  calculated  to  be  ±0.022  diopters.  So,  a  35  micron 
translation  of  the  objective  lens  can  traverse  ANVIS’s  entire  depth-of-field.  Such  a  small 
tolerance  makes  it  unlikely  that  the  objective  lenses  are  precisely  focused,  making  the  best  image 
seen  during  eyepiece  adjustment  less  than  optimum.  How  eyepiece  adjustment  interacts  with 
objective  lens-induced  blur  is  unknown.  Second,  there  is  no  anchor  for  accommodation  during 
eyepiece  adjustment.  Eyepiece  adjustment  manipulates  the  accommodative  stimulus;  however, 
accommodation  is  free  to  respond  to  the  changing  stimulus.  Covariance  of  the  accommodative 
stimulus  and  response  during  eyepiece  adjustment,  and  its  impact  on  the  final  eyepiece  setting, 
has  not  been  studied.  But,  it  likely  results  in  a  wide  range  of  eyepiece  settings  yielding  “best 
VA -.  leading  to  an  uncertain  endpoint.  The  focus  endpoint  is  influenced  by  the  starting  EF  and 
the  focusing  strategy  employed  (Schober,  1970;  Wesner  and  Miller,  1986);  this  variability  in 
endpoint  suggests  accommodation  is  active  during  eyepiece  adjustment. 

Normally,  accommodative  and  vergence  stimuli  are  synchronous.  (Vergence  eye  movements 
shift  binocular  fixation  to  different  distances  by  moving  the  eyes  horizontally  in  opposite 
directions.)  Our  eyes  must  increase  accommodation  and  converge  binocular  fixation  for  near 
targets,  and  lessen  accommodation  and  diverge  binocular  fixation  for  distant  targets. 
Accommodation  and  vergence  eye  movements  are  neurologically  linked  (Fincham  and  Walton, 
1957,  Hung  and  Semmlow,  1980;  Schor  and  Kotulak,  1986);  stimulating  one  stimulates  the 
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other.  This  synkinetic  relationship  increases  the  responsiveness  of  both  ocular  motor  systems 
(Schor  and  Kotulak,  1986;  Leibowitz  et  al.,  1988;  Jiang  et  al,  1991). 

With  ANVIS,  accommodative  and  vergence  stimuli  are  dissociated.  Eyepiece  adjustment 
changes  the  accommodative  stimulus  without  changing  the  vergence  stimulus.  ANVIS  eyepieces 
are  typically  adjusted  when  viewing  monocularly;  so,  vergence  is  not  stimulated.  Monocular 
eyepiece  adjustment  results  in  a  more  minus  endpoint  than  binocular  adjustment  (Schober,  1970; 
Wesner  and  Miller;  1986),  presumably,  because  vergence  helps  control  accommodation  during 
binocular  viewing.  Therefore,  EFs  resulting  from  monocular  eyepiece  adjustment  may  not  be 
appropriate  for  extended  binocular  viewing  because  accommodation  and  vergence  eye 
movements  have  limited  ability  to  respond  differentially  (Borish,  1975a).  During  the 
aforementioned  Air  Force  survey,  133  users  focused  an  ANVIS  (with  a  laboratory-calibrated 
eyepiece  scale)  in  their  usual  way  while  wearing  habitual  optical  corrections.  Twenty-four  users 
merely  set  the  eyepieces  to  zero  diopters  by  using  the  eyepiece  scale;  this  was  an  occasionally 
taught  strategy  at  the  time  of  the  survey.  Of  the  remaining  108  subjects,  30%  adjusted  the 
eyepieces  to  exceed  -1.5  diopters  (Figure  2a).  These  high  minus  eyepieces  are  likely  to  cause 
blur  and/or  discomfort  because  it  creates  a  significant  mismatch  between  accommodative  and 
vergence  stimuli.  To  see  distant  objects,  these  users  must  accommodate  to  an  image  located 
closer  than  59  cm  to  see  clearly,  yet  must  maintain  parallel  visual  axes  to  see  singly. 

The  two  eyepieces  may  also  be  adjusted  unequally  since  they  are  adjusted  at  different  times.  Half 
of  the  surveyed  adjusted  the  two  eyepieces  unequally  by  more  than  0.9  diopters  (Figure  2b). 
Accommodation  does  not  respond  adequately  to  differential  stimuli  greater  than  0.5  diopters 
(Stoddard  and  Morgan,  1942;  Ball,  1950;  Spencer  and  Wilson,  1954;  Campbell,  1960).  And, 
since  the  eye’s  depth  of  field  is  about  ±0.43  diopters  (Campbell,  1957),  only  one  eye  sees  clearly 
at  a  time. 


-2.3  -1.5  -0.8 

EYEPIECE  SETTING  (Diopters) 
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0.0  to  0.8  0.9  to  1.5  >1.5 

UNSIGNED  DIFFERENCE  BETWEEN  LEFT 
AND  RIGHT  EYEPIECE  SETTINGS  (Diopters) 


Figure  2b. 


Figure  2.  Frequency  count  of  eyepiece  settings  by  108  Air  Force  ANVIS  users  as  a  function  of 
a)  eyepiece  setting  and  b)  unsigned  difference  between  left  and  right  eyepiece  settings. 

To  be  a  viable  solution  to  the  problems  of  adjustable  eyepieces,  single-focus  eyepieces  must 
provide  satisfactory  vision  and  visual  comfort  over  a  range  of  appropriate  luminances  and 
contrasts  for  extended  periods  of  time.  To  this  end,  this  two-part  study  measures  binocular  VA 
through  ANVIS  1)  as  a  function  of  EF,  luminance,  and  contrast  in  a  short-term  ANVIS  wear 
study,  and  2)  as  a  function  of  the  EF  used  during  a  four-hour  ANVIS  wear  period. 

Note,  the  accommodative  stimulus  depends  not  only  on  object  distance  (which  is  determined  by 
the  ANVIS  eyepiece),  but  also  uncorrected  refractive  error  (Miller,  1990).  Individuals  with 
unaided  20/20  vision  may  vary  in  refractive  error  from  slightly  myopic  (near-sighted)  to  greater 
than  two  diopters  hyperopic  (far-sighted)  (Borish,  1975b).  Hyperopes  must  accommodate  to  see 
distant  objects  clearly,  and  even  more  so  to  see  close  objects.  Myopes  cannot  focus  on  far 
objects,  and  accommodate  less  than  normal  to  see  close  objects.  For  example,  a  young  1.5 
diopter  hyperope  and  a  0.5  diopter  myope  are  both  capable  of  20/20  unaided  distant  vision,  but 
when  looking  into  a  -0.5  diopter  eyepiece,  the  respective  accommodative  stimuli  are  two  and 
zero  diopters.  So,  each  must  accommodate  a  different  amount  to  see  clearly.  In  our  studies,  all 
subjects  were  optically-corrected  to  equate  the  accommodative  stimulus  across  subjects. 
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SHORT-TERM  WEAR  STUDY 


Method 


Subjects 

Twelve  subjects  (24  years  ±  6)  participated;  each  demonstrated  20/20  VA  in  each  eye  and  40  arc- 
seconds  of  stereopsis.  Only  one  subject  wore  habitual  optical  correction  (-2  diopters);  however, 
with  that  correction  in  place,  this  subject  was  considered  the  same  as  the  others.  Subjects  were 
optically  refracted  to  a  "most  plus  lens  power  for  best  binocular  VA"  endpoint  using  standard 
clinical  techniques  (Borish,  1975c;  Michaels,  1975).  Due  to  the  eye’s  depth-of-field  and 
accommodation,  there  is  a  range  of  lens  powers  producing  best  VA  during  clinical  refraction. 

The  clinical  endpoint  is  the  most  plus  (or  least  minus)  lens  power  producing  best  VA.  In  this 
way,  at  least  conceptually,  the  visual  near  point  is  maximized  while  maintaining  best  distant  VA. 
All  subjects  had  less  than  0.5  diopters  of  anisometropia  and  astigmatism;  any  astigmatic 
correction  was  subsequently  ignored. 

Visual  Acuity  Task 

The  visual  stimulus  was  a  square  “E”  randomly  presented  in  one  of  four  orientations  (Figure  3) 
for  one-second  exposures  on  a  super  VGA  monitor  located  twenty  feet  away.  The  version  of 
ANVIS  used  by  the  Air  Force  is  not  sensitive  to  visible  light  because  visible  light  is  filtered  out 
by  the  objective  lens  to  make  ANVIS  more  compatible  with  aircraft  cockpit  lighting.  Only  the 
monitor’s  blue  phosphor  was  used  so  that  the  monitor  would  not  be  too  bright  for  ANVIS.  The 
subject’s  task  was  to  push  a  four-way  thumb  switch  in  the  direction  that  the  presented  “E” 
pointed.  Eight  presentations  were  made  at  each  “E”  size  level.  A  one-second  delay  separated 
responses  from  ensuing  presentations.  If  six  responses  were  correct  then  the  “E”  would  shrink  by 
0.1  log  units  and  another  series  of  eight  presentations  was  made.  When  the  “E”  was  sufficiently 
small  that  less  than  six  responses  were  correct,  then  the  “E”  would  grow  by  0.05  log  units  and  a 
final  series  of  eight  presentations  was  made.  VA  was  interpolated  from  the  last  three  levels  of 
tested  “E”  sizes  by  the  following  method.  The  base  VA  was  defined  as  0.05  log  units  greater 
than  the  largest  of  the  three  final  levels.  For  each  level,  the  number  of  correct  responses  was 
tallied.  Then,  three  was  subtracted  from  each  tally  to  compensate  for  random  guesses;  the  result 
was  truncated  to  zero  if  it  was  less  zero.  Next,  the  three  results  were  summed  and  multiplied  by 
0.01.  VA  was  calculated  by  subtracting  this  number  from  the  base  value  and  expressed  as  the  log 
of  the  minimum  angle  of  resolution  (log  MAR)  in  arc-minutes.  MAR  pertains  to  the  angular  size 
of  the  “E”  stroke  width. 
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Figure  3.  The  target  was  a  square  E  in  one  of  four  orientations. 


Design 

The  statistical  design  was  a  four-way  total  within  ANOVA  with  Greenhouse-Geisser  (1959) 
correction.  VA  was  the  dependent  variable.  Data  met  the  statistical  assumption  of  equal 
variance.  EF,  luminance,  contrast,  and  repetition  were  the  independent  variables.  Five  EF  (0.0, 
-0.5,  -1.0,  -1.5  diopters,  and  subject-adjusted),  three  luminance  (0.045, 0.319,  and  2.24  fL),  and 
three  contrast  (30%,  47%,  and  64%)  levels  were  used.  Luminance  and  contrast  were  measured 
from  the  left  ANVIS  eyepiece.  Each  experimental  condition  was  tested  three  times. 

Procedures 

On  a  training  day,  subjects  were  familiarized  with  experimental  methods,  and  carefully  trained  to 
focus  ANVIS  eyepieces  to  a  "most  plus  lens  power  for  best  VA"  endpoint.  During  the  focusing 
procedure,  subjects  viewed  a  high  contrast  square-wave  chart  located  20  feet  away.  The  chart, 
known  as  the  3x3  NVG  Resolution  Chart ,  has  nine  four-inch-square  grating  patches  varying  in 
bar  width  from  1.75  to  5.0  arc-minutes.  The  chart’s  background  luminance  was  approximately 
2.2  fL  as  measured  through  the  left  ANVIS  eyepiece.  Left  and  right  eyepieces  were  focused 
independently  as  subjects  monocularly  viewed  the  chart. 

On  the  first  of  three  experimental  days,  each  subject  adjusted  the  ANVIS  eyepieces.  Resultant 
EFs  were  measured  with  a  dioptometer  (Coleman,  Coleman,  and  Fridge,  1951),  and  became  the 
“subject-adjusted”  EFs  for  the  entire  experiment.  A  set  of  ANVIS  goggles  was  rigidly  mounted 
to  a  heavy  table.  A  20°  uniformly  illuminated  screen  was  placed  behind  the  monitor;  the 

background  screen’s  brightness  was  matched  to  the  monitor’s  brightness  as  seen  through  the  left 
ANVIS  eyepiece. 

Before  each  experimental  session,  the  experimenter  focused  the  objective  and  eyepiece  lenses 
while  looking  through  ANVIS  with  an  afocal  8x  telescope  at  the  “3  by  3”  chart.  Each 
experimental  session  featured  a  single  luminance  level.  EF  was  varied  by  placing  thin  lenses 
immediately  behind  the  ANVIS  eyepieces.  Luminance  was  controlled  with  neutral  density  filters 
placed  in  front  of  the  ANVIS  objective  lenses.  Contrast  (AL/L)  was  controlled  through  software. 
Subjects  began  each  session  with  15  minutes  of  dark  adaptation.  Subjects  adapted  to  the  display 
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luminance  for  one  minute  before  each  trial.  Luminance  was  counterbalanced  across  subjects. 
Contrast  and  EF  were  randomized  over  each  set  of  fifteen  trials.  Three  sets  of  fifteen  trials  were 
performed  each  day.  After  each  session,  the  experimenter  again  looked  through  ANVIS  with  the 
afocal  8x  telescope  to  ensure  that  neither  the  objective  nor  the  eyepiece  lenses  had  changed 
focus.  Head  movements  were  minimized  with  a  chin  cup  and  headrest.  Experimental  sessions 
were  typically  eighty  minutes  long. 

Results 

Table  1  summarizes  refractive  error  and  eyepiece  adjustment  measurements.  Although  the 
average  refractive  error  (n  =  24  eyes)  was  slightly  hyperopic  (+0.23  diopters  ±  0.38),  the 
eyepieces  were  adjusted  myopically  (-1.05  diopters  ±  0.34),  resulting  in  an  average 
accommodative  stimulus  of  1.28  diopters  (±  0.55)  with  a  range  of  +0.5  to  +2.5  diopters.  The 
average  unsigned  EF  difference  between  the  two  eyes  was  +0.40  diopters  (±0.29)  with  a 
maximum  difference  of  +0.75  diopters.  Table  2  lists  the  average  subject-adjusted  EF  and 
unsigned  interocular  difference  in  subject-adjusted  EF  for  the  aforementioned  Air  Force  Survey, 
Kotulak  and  Morse  study  (1994a),  and  this  study.  Values  from  the  two  laboratory  studies  agree 
well.  The  most  striking  difference  is  that  the  survey  reported  twice  the  inter-subject  variability  as 
the  two  laboratory  studies.  The  survey  also  reported  a  greater  disparity  between  right  and  left 
eyepiece  settings.  Differences  from  the  survey  likely  reflect  the  recent  detailed  training  of 
subjects  in  the  two  laboratory  studies. 


Average 

Std  Dev 

Range 

Refractive  Error 

+0.23 

0.38 

-0.25,  +1.00 

Eyepiece  Focus 

-1.05 

0.34 

-1.75,  -0.25 

Accommodative  Stimulus 

+1.28 

0.55 

+0.50,  +2.50 

|A|  Refractive  Error 

0.08 

0.12 

0.00,  +0.25 

|A|  Eyepiece  Focus 

0.40 

0.29 

0.00,  +0.75 

|A|  Accommodative  Stimulus 

0.48 

0.25 

0.00,  +0.75 

Table  1.  Summary  of  subject  refractive  error,  user-adjusted  ANVIS  eyepiece  focus,  and 
resulting  accommodative  stimulus.  |A|  represents  unsigned  differences  between  right  and  left 
eyes  (or  eyepieces).  Units  are  diopters 


84 


Average  EF  (Std  Dev)  |A|  EF  (Std  Dev) 

Air  Force  Survey 
Kotulak  and  Morse 
Current  Study 

Table  2.  Average  user-adjusted  ANVIS  eyepiece  focuses  are  listed  with  standard  deviations  for 
an  unpublished  Air  Force  survey,  Kotulak  and  Morse  (1994a),  and  the  current  study,  |A| 
represents  unsigned  differences  between  right  and  left  eyepieces.  Units  are  diopters. 

Figure  4  plots  VA  as  a  function  of  luminance,  contrast  and  EF.  The  effects  of  luminance  and 
contrast  on  VA  are  well  known  (van  Meeteren  and  Vos,  1972;  Richards,  1977).  VA  improves 
with  increasing  luminance  ( F2,22  =  326,  p  <  0.0001)  and  contrast  (F2,22  =  913,  p  <  0.0001). 
Contrast  influences  VA  more  when  luminance  is  low  (F444  =  25,  p  <  0.0001).  More 
interestingly,  EF  (F4,44  =  8.4,  p  <  0.01)  affects  VA  without  interacting  with  luminance  or  contrast. 
Specific  comparisons  between  EFs  (Table  3)  were  made  using  a  pooled  two-tailed  t-test  where 
the  error  term  was  calculated  by  pooling  the  variance  of  the  three  repetitions  across  luminance, 
contrast,  and  EF.  Zero  diopter  eyepieces  reduced  VA  by  nearly  10%;  other  specific  comparisons 
were  not  significant.  Other  main  effects  and  interactions  were  not  significant. 
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Figure  4.  Group-averaged  visual  acuity  through  ANVIS  is  plotted  as  a  function  of  luminance, 
contrast  (AL/L)  and  eyepiece  focus.  Note,  since  subjects  were  optically  corrected,  the 
accommodative  stimulus  equals  eyepiece  focus. 
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Specific 

Comparisons 

Change  in 
Log  MAR 

Visual  Acuity 
Improvement 

Pooled  t-Test 
df =44 

0.0D  to  -0.5D 

-0.038 

9.1% 

p<  0.0001  * 

Q.ODto-l.OD 

-0.045 

10.9% 

p  <  0.0001  * 

0.0D  to  -1.5D 

-0.038 

9.1% 

p<  0.0001  * 

0.0D  to  Adjusted 

-0.033 

7.9% 

p  <  0.0005  * 

-0.5Dto  -1.0D 

-0.007 

1.6% 

p  >  0.4 

-0.5D  to  -1.5D 

0.001 

-0.2% 

p>0.9 

-0.5D  to  Adjusted 

0.005 

1 

-1.2% 

p  >0.5 

-1.0D  to  -1.5D 

0.007 

VO 

r-i 1 

l 

p>0.4 

-1.0D  to  Adjusted 

0.012 

-2.8% 

p>0.2 

-1.5D  to  Adjusted 

0.005 

-1.2% 

p>0.6 

Table  3.  Specific  comparisons  of  eyepiece  focus  in  short-term  ANVIS  wear  study.  Asterisks 
indicate  statistical  significance  (p  =  0.05). 


Subsequent  analyses  were  conducted  separately  for  each  subject  to  determine  whether  EF 
requirements  for  best  VA  were  idiosyncratic.  For  each  subject,  specific  comparisons  were  made 
between  the  subject-adjusted,  best-overall,  and  optimum  EFs  using  two-tailed  t-tests  where  the 
error  terms  were  calculated  by  pooling  the  variance  of  the  three  repetitions  across  luminance, 
contrast,  and  EF.  The  best-overall  EF  was  -1.0  diopters,  producing  the  best  average  VA  across 
all  conditions  and  subjects.  Each  subject’s  optimum  EF  produced  the  best  average  VA  across  all 
conditions.  EFs  of  -0.5  and  -1.0  diopters  were  each  optimum  for  five  subjects.  Zero  diopter 
eyepieces  were  not  optimum  for  any  subjects.  Table  4  lists  each  subject’s  optimum  EF,  and  VA 
for  subject-adjusted,  best-overall,  and  optimum  EFs. 
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Subject 

Optimum  EF 

Optimum 

Eyepiece  Focus 

Best-Overall  Subject-Adjusted 

1 

0.5 

0.560 

0.561 

0.558 

2 

0.5 

0.629 

0.643 

0.633 

3 

0.5 

0.602 

0.614 

0.607 

4 

0.5 

0.587 

0.601  * 

0.610  * 

5 

0.5 

0.654 

0.670  * 

0.706  *f 

6 

1.0 

0.602 

0.602 

0.621 

7 

1.0 

0.654 

0.654 

0.678 

8 

1.0 

0.616 

0.616 

0.640  *| 

9 

1.0 

0.622 

0.622 

0.647  *f 

10 

1.0 

0.620 

j 

0.620 

0.645  *f 

11 

1.5 

0.597 

0.604 

0.608 

12 

1.5 

0.616 

0.655  * 

0.654  * 

AVERAGES 

Log  MAR 

0.613 

0.622 

0.634 

Snellen  Acuity  (20/ ) 

82.1 

83.7 

86.1 

Visual  Acuity  Loss 

2.0% 

4.9% 

Table  4.  Average  visual  acuities  (VA)  through  optimum,  best-overall,  and  subject-adjusted 
ANVIS  eyepiece  focus  (EF)  are  listed  by  subject.  Asterisks  and  obelisks  indicate  a  statistical 
difference  (df  =  36,  p  =  0.05)  from  optimum  and  best-overall  EFs,  respectively.  Group-averaged 
VA  are  listed  below  as  log  MAR  and  Snellen  equivalent  along  with  per  cent  VA  loss  from 
optimum. 

Subject-adjusted  and  optimum  EFs  were  compared  to  determine  whether  subjects  indeed 
optimiz'ed  VA  through  eyepiece  adjustment.  At  a  0.05  per-comparison  probability  level,  subject- 
adjusted  eyepieces  produced  optimal  VA  for  half  of  the  subjects.  VA  was  reduced  by  7.5%  for 


the  remaining  subjects.  Overall,  subject-adjusted  eyepieces  reduced  VA  by  5%,  Only  one 
comparison  was  significant  at  a  0.05  procedure-wise  eiror  level. 

Similarly,  best-overall  and  optimum  EFs  were  compared  except  that  a  statistically  more  powerful 
1-tailed  t-test  was  used  because,  by  definition,  the  best-overall  EF  could  not  surpass  the  optimum 
EF.  At  a  0.05  per-eomparison  probability  level,  the  best-overall  EF  produced  optimal  VA  for 
75%  of  the  subjects.  VA  was  reduced  by  5.5%  for  the  remaining  subjects.  Overall,  the  best- 
overall  EF  reduced  VA  by  2%.  No  comparisons  were  significant  at  a  0.05  procedure-wise  error 
level. 

Subject-adjusted  and  best-overall  EFs  were  compared  to  determine  whether  single-focus 
eyepieces  could  produce  VA  comparable  to  subject-adjusted  eyepieces.  At  a  0.05  per- 
comparison  probability  level,  the  best-overall  EF  produced  (up  to  5%)  better  vision  for  25%  of 
the  subjects.  Only  one  comparison  was  significant  at  a  0.05  procedure-wise  error  level.  No 
subject  saw  better  with  subject-adjusted  eyepieces. 

LONG-TERM  WEAR  STUDY 
Method 


Subjects 

Twelve  subjects  (23  years  ±  4)  participated;  each  demonstrated  20/20  VA  in  each  eye  and  40  arc- 
seconds  of  stereopsis;  six  participated  in  the  above  short-term  wear  study.  None  wore  habitual 
optical  correction.  Subjects  were  optically  refracted  to  a  "most  plus  lens  power  for  best  binocular 
VA"  endpoint.  All  subjects  had  less  than  0.5  diopters  of  anisometropia  and  astigmatism;  any 
astigmatic  correction  was  subsequently  ignored.  Refractive  errors  ranged  from  -0.25  to  +1.00 
diopters  with  an  average  of  +0.33  diopters  (±0.4). 

Design 

The  statistical  design  was  a  four-way  total  within  ANOVA  with  Greenhouse-Geisser  (1959) 
correction.  VA  was  the  dependent  variable,  and  was  measured  as  log  MAR.  The  method  for 
measuring  VA  is  described  above.  The  independent  variables  were  EF  (0.0,  -0.75,  -1.5  diopters), 
luminance  (0.32  and  0.05  fL ),  time  (pre-  and  post-extended  wear),  and  EF  worn  during  the 
extended-wear  period  (0.0,  -0.75,  -1.5  diopters).  Each  experimental  condition  was  tested  twice, 
and  these  results  were  averaged. 

Procedures 

On  a  training  day,  subjects  were  familiarized  with  experimental  procedures.  Equipment  and 
general  methods  are  described  above.  Three  experimental  sessions  were  performed  on  separate 
days;  each  featuring  a  single  EF  level  worn  during  a  four-hour  ANVIS  wear  period.  VA  was 
measured  through  a  table-mounted  ANVIS  as  a  function  of  EF  and  luminance.  Target  contrast 
(AT  7T .)  was  4fr%.  The  order  of  luminance  and  EF  was  randomized  within  each  of  two  sets  of  six 
trials. 
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After  initial  VA  measurements,  the  subject  wore  a  second  head-mounted  ANVIS  for  four  hours 
with  the  EFs  set  to  one  of  three  levels.  The  order  of  EFs  wom  during  the  extended- wear  period 
was  counterbalanced  across  subjects.  ANVIS  was  held  to  the  subject’s  head  with  a  Litton  hair 
net  harness.  Peripheral  vision  was  blocked  to  restrict  vision  to  ANVIS’s  40°  field-of-view. 

Small  apertures  and  neutral  density  filters  were  placed  before  ANVIS’s  objective  lenses  to 
increase  the  depth-of-field  and  to  make  the  ANVIS  display  luminance  approximately  two  foot- 
lamberts.  Subjects  were  free  to  wander  around  the  room,  but  they  mostly  played  video  games  or 
watched  video-taped  movies  on  a  large  projection  screen.  An  experimenter  stayed  with  the 
subject  to  ensure  the  subject's  safety,  and  that  the  subject  remained  alert  and  attentive  to  the 
video  game  or  movie. 

After  the  extended  wear  period,  VA  was  re-measured  with  the  table-mounted  ANVIS.  Subjects 
were  not  allowed  to  look  away  from  the  table-mounted  ANVIS  during  VA  tasks.  Care  was  taken 
to  prevent  subjects  from  looking  around  the  room  when  switching  from  the  head-mounted 
ANVIS  to  the  table-mounted  ANVIS.  Pre-  and  post-extended  wear  VA  measurements  required 
twenty  minutes  each.  Experimental  sessions  were  five  hours  long. 

In  addition  to  measuring  ANVIS  VA,  each  experimental  session  began  and  ended  with  two  sets 
of  unaided  VA  measurements.  Unaided  VA  was  measured  using  the  monitor’s  green  phosphor. 
Each  experimental  condition  was  tested  twice,  and  the  results  were  averaged.  Target  luminance 
was  2.7  fL  and  contrast  was  46%.  A  separate  two-way  total  within  ANOVA  was  performed. 
Independent  variables  were  time  (pre-  and  post-extended  wear)  and  extended-wear  EF  (0.0, 

-0.75,  -1.5  diopters). 


Results 

Unaided  VA  was  not  affected  by  time  (Fi,u  =  0.42,  p  >  0.6)  or  by  EF  used  during  the  extended 
wear  period  (F2.22  =  0.22,  p  >  0.6).  There  were  no  significant  interactions. 

Figure  5  depicts  all  main  effects  for  ANVIS  VA.  As  in  the  short-term  study,  VA  was 
significantly  affected  by  luminance  (Fj.  u  =  4602,  p  <  0.0001)  and  EF  (F2. 22  =  18.3,  p  <  0.001). 
Specific  comparisons  (Table  5)  were  made  for  EF  using  a  two-tailed  t-test  where  the  error  term 
was  calculated  by  pooling  the  variance  of  the  two  trials  across  extended-wear  EF,  time,  and 
luminance.  Subjects  saw  13%  better  with  -0.75  diopter  eyepieces  than  with  zero  diopter 
eyepieces.  VA  was  not  affected  by  extended-wear  EF  (F2, 22  =  0. 13,  p  >  0.8)  or  time  (Ft,  n  = 
2.97,  p  >  0.1).  There  were  no  significant  interactions.  Notably,  the  best  EF  for  VA  before  the 
extended  ANVIS  wear  remained  the  best  afterwards,  regardless  of  the  EF  used  during  the 
extended-wear  period.  So,  eyepiece  adjustment  seems  unnecessary  for  retaining  good  V A  during 
extended  ANVIS  use. 
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Figure  5.  Group-averaged  visual  acuity  through  ANVIS  is  plotted  for  eyepiece  focus  (EF)  used 
during  the  extended-wear  period,  time  (pre-  and  post-extended  wear),  ANVIS  display  luminance, 
and  EF,  Note,  since  subjects  were  optically  corrected,  the  accommodative  stimulus  equals  EF, 


Specific 

Comparisons 

Change  in 
Log  MAR 

Visual  Acuity 
Improvement 

Pooled  t-Test 
df  =  22 

0.00D  to  -0.75D 

-0.054 

13.2% 

p  <0.001  * 

0.00D  to  -1.50D 

-0.041 

9.9% 

p<  0.005* 

-0.75D  to  -1.50D 

0.013 

-3.0% 

p>0.1 

Table  5.  Specific  Comparisons  between  eyepiece  focus  in  long-term  ANVIS  wear  study. 
Asterisks  indicate  statistical  significance  (p  =  0.05). 


Without  solicitation,  six  subjects  complained  of  uncomfortable  and  less  than  clear  vision  during 
the  extended-wear  period  with  -1.5  diopter  eyepieces.  Four  of  these  subjects  thought  they  saw 
poorly  during  post-extended  wear  VA  tests;  however,  no  change  in  VA  was  measured.  Another 
subject,  an  ambitious  ROTC  cadet  aspiring  to  be  a  fighter  pilot,  insisted  on  discontinuing  after 
two  hours  of  extended-wear  due  to  very  uncomfortable  vision.  Fortunately,  this  subject 
completed  the  entire  -1.5  diopter  EF  extended-wear  condition  on  another  day.  Diplopia  was  not 
reported  by  any  subject.  No  complaints  were  reported  for  the  extended-wear  periods  featuring 
zero  and  -0.75  diopter  eyepieces. 


Discussion 

We  confirm  Kotulak  and  Morse  (1994a)  in  that  vision  through  ANVIS  night  vision  goggles  is 
better  when  the  eyepieces  are  adjusted  by  the  user  than  when  set  to  zero  diopters.  But,  we  found 
less  improvement  with  subject-adjusted  eyepieces  (8%  versus  23%).  This  difference  may  be 
explained  by  uncorrected  refractive  error.  Subjects  were  optically-corrected  in  this  study. 
Subjects  were  uncorrected  and  slightly  myopic  (-0.1  diopters  ±  0.4)  in  Kotulak  and  Morse's 
study.  Images  at  optical  infinity  are  beyond  the  accommodative  range  of  myopes,  and  therefore 
cannot  be  seen  clearly.  Nonetheless,  merely  setting  the  ANVIS  eyepieces  to  zero  diopters  is  not 
an  auspicious  strategy. 

Binocular  VA  improved  with  -0.5  diopter  eyepieces,  and  then  was  insensitive  to  EF  over  a  range 
of  -0.5  to  -1.5  diopters  even  as  VA  varied  greatly  with  luminance  and  contrast.  This  suggests 
that  accommodation  was  as  accurate  as  it  needed  to  be  to  achieve  near  optimum  VA.  Only  half 
of  the  subjects  adjusted  the  eyepieces  for  optimum  VA.  Therefore,  the  superiority  of  subject- 
adjusted  over  zero  diopter  eyepieces  is  likely  due  to  the  mere  addition  of  minus  EF  rather  than 
actual  optimization  of  VA  by  the  user.  A  -1.5  diopter  eyepiece  caused  half  of  the  subjects  to 
complain  of  blur  and  discomfort  during  extended  use.  Presumably,  these  symptoms  were  caused 
by  ocular  motor  responses  to  dissonant  accommodative  and  vergence  stimuli.  The  average 
accommodative  stimulus  after  eyepiece  adjustment  was  only  slightly  less  (1.3  diopters); 
therefore,  some  subjects  may  have  become  symptomatic  with  their  subject-adjusted  EFs  during 
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extended  use.  On  the  other  hand,  -0.75  diopter  eyepieces  caused  no  symptoms.  Varying 
luminance  and  contrast  does  not  necessitate  a  change  in  EF,  nor  does  extended  ANVIS  use. 

Our  principal  finding  is  that,  for  users  who  are  optically  corrected  to  a  "most  plus  lens  power  for 
best  binocular  VA"  endpoint,  -0.75  diopter  eyepieces  provide  satisfactory  comfort  and  near 
optimal  binocular  VA  for  extended  ANVIS  viewing.  However,  the  accommodative  stimulus  is 
the  relevant  factor,  and  it  is  determined  by  EF  and  uncorrected  refractive  error.  So,  more 
broadly,  the  accommodative  stimulus  should  be  approximately  0.75  diopters  for  extended 
ANVIS  use.  This  result  may  extend  to  other  binocular  visual  displays. 

The  major  impediment  to  implementing  this  knowledge  is  that  ANVIS  users  without  habitual 
optical  corrections  may  range  from  slightly  myopic  to  moderately  hyperopic.  This  dictates  a 
range  of  EFs  to  achieve  the  desired  0.75  diopter  accommodative  stimulus.  We  suggest  three 
possible  eyepiece  designs  for  future  generations  of  ANVIS: 

1-  Single-focus  -0.75  diopter  eyepieces.  This  is  the  simplest  design.  However,  it  will  make 
uncorrected  hyperopes  effectively  more  hyperopic,  increasing  the  chance  of  uncomfortable 
and  less  clear  vision.  Single-focus  -0.5  diopter  eyepieces  may  be  an  appropriate  compromise 
since  it  provided  the  largest  incremental  improvement  in  VA  from  zero  diopter  eyepieces. 

2.  Single-focus  zero  diopter  eyepieces  with  modified  spectacle  correction.  Emmetropes, 
myopes,  and  the  optically-corrected  would  wear  spectacles  (or  contact  lenses)  with  a  -0.75 
diopter  over-correction.  Uncorrected  hyperopes  do  not  need  this  over-correction  since  it  is 
built  in  to  themselves. 

3.  Single-focus  zero  diopter  eyepieces  with  thin  lens  inserts.  ANVIS  would  contain  a  holder  for 
a  thin  -0.75  diopter  lens  to  be  placed  immediately  behind  the  eyepiece.  Emmetropes, 
myopes,  and  the  optically-corrected  would  use  the  lens;  uncorrected  hyperopes  would  not. 


93 


REFERENCES 


Ball,  E.  A.  W.  (1952).  A  study  in  consensual  accommodation.  American  Journal  of  Optometry 
and  Archives  of  American  Academy  of  Optometry,  29,  561-574. 


Borish,  I.  M.  (1975a).  Analysis  and  prescription.  In  Clinical  Refraction  (3rd  Ed),  pp.  861-937, 
Chicago:  Professional  Press. 


Borish,  I.  M.  (1975b).  Visual  Acuity.  In  Clinical  Refraction  (3rd  Ed),  pp.  345-422,  Chicago: 
Professional  Press. 


Borish,  I.  M.  (1975c).  Subjective  testing.  In  Clinical  Refraction  (3rd  Ed),  pp.  715-803,  Chicago: 
Professional  Press. 


Campbell,  F.  W.  (1957).  The  depth  of  field  of  the  human  eye,  Optica  Acta,  4, 157-164. 


Campbell,  F.  W.  (1960).  Correlation  of  accommodation  between  the  two  eyes.  Journal  of  the 
Optical  Society  of  America,  50, 738. 


Coleman,  H.  S.,  Coleman,  M.  F.,  and  Fridge,  D.  L.  (1951).  Theory  and  use  of  a  dioptometer. 
Journal  of  the  Optical  Society  of  America,  4,  94-97. 


Fincham,  E.  F.,  and  Walton  J.  (1957).  The  reciprocal  actions  of  accommodation  and 
convergence.  Journal  of  Physiology  137, 488-508. 


Greenhouse,  S.  W.,  and  Geisser,  S.  (1959).  On  methods  in  the  analysis  of  profile  data. 
Psychometrika,  24,  95-112. 


Hennessy,  R.  T.  (1975).  Instrument  myopia.  Journal  of  the  Optical  Society  of  America,  65, 1114- 
1120. 


Hung,  p.  K.,  and  Semmlow,  J.  L.  (1980).  Static  behavior  of  accommodation  and  vergence: 
computer  simulation  of  an  interactive  dual-feedback  system.  IEEE  Transactions  on 
Biomedical  Engineering,  8, 439-447. 


94 


Jiang,  B.  C.,  Gish,  K.  W.,  and  Leibowitz,  H.  W.  (1991).  Effect  of  luminance  on  the  relation 
between  accommodation  and  convergence.  Optometry  and  Visual  Science  68, 220-225. 


Johnson,  C.  A.  (1976).  Effects  of  luminance  and  stimulus  distance  on  accommodation  and  visual 
resolution.  Journal  of  the  Optical  Society  of  America,  66, 138-142. 


Keating,  M.  P.  (1988).  The  Badal  principle.  In  Geometric,  physical,  and  visual  optics,  pp.  256, 
Boston:  Butterworths. 


Kotulak,  J.  C.,  and  Morse,  S.  E.  (1994a).  The  relationship  among  accommodation,  focus, 

resolution  with  optical  instruments.  Journal  of  the  Optical  Society  of  America  A,  11, 71-79. 

Kotulak,  J.  C.,  and  Morse,  S.  E.  (1994b).  The  relationship  among  accommodation,  focus, 

resolution  with  optical  instruments:  errata.  Journal  of  the  Optical  Society  of  America  A,  11, 
2919. 


Kotulak,  J.  C.,  and  Morse,  S.  E.  (1994c).  Focus  adjustment  effects  on  visual  acuity  and 

oculomotor  balance  with  aviator  night  vision  displays.  Aviation,  Space,  and  Environmental 


Medicine,  65, 348-352. 


Leibowitz,  H.  W.,  and  Owens,  D.  A.  (1975a).  Anomalous  myopias  and  the  intermediate  dark 
focus  of  accommodation.  Science,  189, 646-648. 


Leibowitz,  H.  W.,  and  Owens,  D.  A.  (1975b).  Night  myopia  and  the  intermediate  dark  focus  of 
accommodation.  Journal  of  the  Optical  Society  of  America,  65, 1121-1128. 


Leibowitz,  H.  W.,  and  Owens,  D.  A.  (1978).  New  evidence  for  the  intermediate  position  of 
relaxed  accommodation.  Documenta  Ophthalmologica,  46, 133-147. 

Leibowitz,  H.  W.,  Gish,  K.  W.,  and  Sheehy,  J.  B.  (1988)  Role  of  vergence  accommodation  in 
correcting  night  myopia.  American  Journal  of  Optometry  and  Physiological  Optics  65, 
383-386. 


Michaels,  D.  P.  (1975).  Subjective  methods  of  refraction.  In  visual  optics  and  refraction:  A 
clinical  approach,  pp.  225-267,  Saint  Louis:  C.V.  Mosby 


95 


Miller,  R.  J.  (1990).  Pitfalls  in  the  conception,  manipulation,  and  measurement  of  visual 
accommodation.  Human  Factors,  32, 27-44. 

Owens,  D.  A.  (1984).  The  resting  state  of  the  eyes.  American  Scientist  72,  378-387. 

Richards,  O.  W.  (1977).  Effects  of  luminance  and  contrast  on  visual  acuity,  ages  16  to  90  years. 
American  Journal  of  Optometry  and  Physiological  Optics,  54, 178-184 

Schober,  H.  A.,  Dehler,  H.,  and  Kassel,  R.  (1970).  Accommodation  during  observations  with 
optical  instruments.  Journal  of  the  Optical  Society  of  America  60, 103-107. 

Schor,  C.  M.,  and  Kotulak,  J.  C.  (1986).  Dynamic  interactions  between  accommodation  and 
convergence  are  velocity  sensitive.  Vision  Research  26, 927-942. 

Smith,  G.  (1983).  The  accommodative  resting  states,  instrument  accommodation  and  their 
measurement.  Optica  Acta,  30,  347-359. 

Spencer,  R.  W.,  and  Wilson,  W.  K.  (1954).  Accommodative  response  in  asymmetric 

convergence.  American  Journal  of  Optometry  and  Archives  of  American  Academy  of 
Optometry,  31, 498-504. 

Stoddard,  K.  B.,  and  Morgan,  M.  W.  (1942).  Monocular  response  in  accommodation.  American 
Journal  of  Optometry  and  Archives  of  American  Academy  of  Optometry,  19, 460-504. 

van  Meeteren,  A.,  and  Vos,  J.  J.  (1971).  Resolution  and  contrast  at  low  luminances.  Vision 
Research,  12,  825-833. 

Wesner,  F.  M.,  and  Miller,  R.  J.  (1986).  Instrument  myopia  conceptions,  misconceptions,  and 
influencing  factors.  Documenta  Ophthalmologica,  62, 281-309. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  /or  thi»  collection  of  information  ii  estimated  to  average  1  hour  per  rctoonse  including  the  time  for  wi^iwo  1  .  1  — 

gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  thecollealon of  irrformation seafchmg  existing  data  sources, 
collection  of  Information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  other  #lpec1 ■“? 

Davis  Highway.  Sul..  1204.  Arlington. 3X  22202.4M2.  and  ?c  ,h.  OWc'  o.  M.nagemC  andlSdgT.^Sk  hS^rol^  S''" 


1.  AGENCY  USE  ONLY  (Leave  blank) 


4.  TITLE  AND  SUBTITLE 


Visual  Acuity  vs  Field-of-View  Light  Level 
for  Night  Vision  Goggles  (NVG)  (U) 


6.  AUTHOR(S) 

Mary  M.  Donohue-Perry 

Harry  L.  Task 


*  Sharon  A.  Davis 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

*  Logicon  Technical  Services,  Inc. 

P.O.Box  317258 
Dayton  OH  45431-7258 


3.  REPORT  TYPE  AND  DATES  COVERED 

Final  (November  1993-April  1994) 


5.  FUNDING  NUMBERS 

PE  -  62202F/63231F 
PR  -  7184 
TA-18 
WU-07 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
Armstrong  Laboratory,  Crew  Systems  Directorate 
Human  Engineering  Division 
Human  Systems  Center 
Air  Force  Materiel  Command 
Wright-Patterson  AFB  OH  45433-7022 

11.  SUPPLEMENTARY  NOTES  - 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


AL/CF-TR- 1 994-0076 


,  12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  is  unlimited. 


1 13.  ABSTRACT  (Maximum  200  words) 


Parameters  typically  used  to  characterize  night  vision  goggles  (NVG)  are  visual  acuity  (resolution) 
and  field-of-view  (FOV).  An  increase  in  FOV  is  accomplished  by  providing  higher  magnification  of 
the  image  intensifier  tube.  However,  increased  magnification  means  that  the  pixels  will  subtend  a 
larger  angle,  thus  leading  to  lower  NVG  visual  acuity.  An  inverse  relationship  between  visual 
acuity  and  field-of-view  is  expected  based  upon  this  optical/geometrical  relationship.  This 
relationship  should  be  examined  as  production  of  NVG  resolution  quality  increases.  A  trade-off 
study  examining  FOV  and  resolution  was  conducted  with  three  observers  having  20/20  corrected 
Snellen  acuity.  The  NVGs  had  fields-of-view  of 40, 47.  and  52  degrees,  respectively.  Five  levels  of 
ambient  scene  illumination  (corresponding  to  output  luminance  levels  of  0.01, 0.03, 0.08, 0.26,  and 
1.4  ft-L)  were  provided  by  a  2856K  light  source.  The  targets  used  in  the  study  were  95+%  contrast 
square  wave  targets  ranging  in  size  from  45  cycles/degree  to  5  cycles  per  degree.  A  walk-back 
method  of  adjustment  was  employed.  The  results  indicate  that  the  geometric  relationship  between 
field-of-view  and  visual  acuity  is  valid. 


14.  SUBJECT  TERMS 


Night  Vision  Devices,  Visual  Acuity,  Night  Vision  Goggles 


15.  NUMBER  OF  PAGES 

19 


16.  PRICE  CODE 


17‘  OFCREPORTLASSIFICATION  1 18-  OFCTHIS  PAGESSIFICATI0N  I  19'  OMMSTRACT SSIFICATION  I  20.  LIMITATION  OF  ABSTRACT 


Unclassified 


NSN  7540-01-280-5500 


Unclassified 


Unclassified 


Unlimited 

Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std  239-16 
298-102 


PREFACE 


The  work  described  in  this  technical  report  was  funded  under  Program  Element 
62202F  Project  7184-18-07  entitled  "Night  Vision  Devices"  and  Program  Element 
6323  IF  Project  3257  entitled  "Helmet-Mounted  Systems  Technology"  (HMST).  This 
report  documents  an  initial  effort  by  this  laboratory  to  conduct  a  series  of  night  vision 
goggle  parameter  trade-off  studies  which  will  impact  future  design  of  night  vision  devices 
by  the  6.3  and  6.4  program  offices.  The  authors  wish  to  thank  our  volunteer  subjects, 

Ms.  Maryann  Howes-Barbato,  Mrs.  Martha  Hausmann,  and  Mr.  David  Sivert  who 
graciously  donated  their  time  to  participate  in  the  study.  We  would  also  like  to  thank  ITT 
Corporation  of  Roanoke,  Virginia  for  their  generous  loan  of  the  NVGs  used  in  this  study. 


99 


INTRODUCTION  AND  BACKGROUND 


Two  key  parameters  used  to  characterize  night  vision  goggles  (NVGs)  are  visual 
acuity  (resolution)  and  field-of-view.  An  increase  in  field-of-view  is  accomplished  by 
providing  higher  magnification  of  the  image  intensifier  tube.  However,  since  the  image 
intensifier  tube  has  a  fixed  linear  resolution  at  its  output  screen,  increased  magnification 
means  that  the  "picture  elements"  (pixels)  will  subtend  a  larger  angle  with  respect  to  the 
eye,  thus  leading  to  lower  visual  acuity  when  viewing  through  the  NVGs.  An  inverse 
relationship  between  visual  acuity  and  field  of  view  of  NVGs  is  expected  based  solely 
upon  this  optical/geometrical  relationship  (see  equation  1  and  Figure  I). 

N 

R  =  —  (l) 

20 

where:  N  =  number  of  pixels  across  the  display  (no  units) 

R  =  acuity  (resolution)  in  cycles  per  degree 
0  =  field  of  view  in  degrees 

An  underlying  assumption  of  this  relationship  is  that  the  observer's  visual  system  is  much 
better  than  the  resolution  seen  through  the  NVGs.  As  NVGs  are  produced  with  increased 
resolution,  this  simple  geometric  relationship  between  field  of  view  and  visual  acuity  may 
no  longer  be  valid;  especially  for  lower  light  levels  where  the  human  observer  baseline 
visual  acuity  is  considerably  poorer. 

Many  different  methods  have  been  used  to  determine  visual  acuity  through  NVGs 
for  different  contrast  and  light  levels.  These  have  included  the  use  of  Landolt  "Cs," 
tumbling  "Es,"  square-wave  and  sine-wave  gratings,  and  lettered  charts  ,*4.  For  purposes 
of  this  study  we  have  selected  the  square-wave  grating  approach  as  the  one  that  most 
closely  parallels  the  theoretical  basis  for  this  study.  Using  this  target  pattern,  the  limiting 
resolution  (acuity)  for  the  NVGs  corresponds  to  the  highest  spatial  frequency  square  - 
wave  grating  (with  100%  contrast)  that  can  just  barely  be  resolved  when  viewing  through 
the  NVGs.  This  limiting  resolution  can  theoretically  be  thought  of  as  the  spatial 
frequency  at  which  the  modulation  threshold  function  (MTF)  of  the  NVG  intersects  the 
contrast  threshold  function  (CTF)  of  the  human  observer  as  depicted  in  Figure  2. 
Therefore,  the  limiting  resolution  is  due  to  both  display  limitations  (MTF)  and  visual 
limitations  (CTF).  Since  the  visual  contrast  threshold  function  is  a  monotonically 
increasing  function  (for  spatial  frequencies  higher  than  about  5  cycles  per  degree),  this 
means  the  cross-over  between  the  MTF  and  the  CTF  will  take  place  at  higher  contrast 
levels  for  NVG  MTFs  that  are  higher.  In  the  hypothetical  case  of  Figure  2,  the  two  MTFs 
shown  are  produced  by  using  two  different  optical  systems  in  conjunction  with  the  same 
image  intensifier  tube.  The  wide  field  of  view  (FOV)  MTF  is  exactly  half  of  the  narrow 
FOV  MTF  since  the  wide  FOV  is  exactly  twice  as  large  as  the  narrow  FOV.  The  implicit 
assumption  in  this  example  is  that  the  optical  system  MTF  in  each  case  is  considerably 
better  than  the  image  intensifier  MTF.  If  the  model  of  limiting  resolution  presented  in 
Figure  2  is  correct,  then  calculating  limiting  resolution  from  only  geometric 
considerations  is  perhaps  an  oversimplification.5^ 

If  it  is  true  that  the  limiting  resolution  can  be  calculated  only  from  geometric 
considerations  then  the  contrast  threshold  criteria  would  have  to  be  constant  across  spatial 
frequency  as  shown  in  Figure  3.  In  this  case  the  wide  FOV  NVG  would  have  exactly  one 
half  the  limiting  resolution  as  the  narrow  FOV  (i.e.  Rw  =  1/2  Rn). 
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Figure  1.  Geometric  trade-off  between  field  of  view  and  resolution.  Since  there  are  a 
fixed  number  of  picture  elements  (pixels)  in  the  image  intensifier  output  the  angular 
subtense  of  each  picture  element  will  be  larger  (and  therefore  poorer  resolution) 
with  a  wider  field  of  view. 


0  Spatial  Frequency  (cycles/degree) 


Figure  2.  Determination  of  limiting  resolution  from  the  intersection  of  the  NVG 
modulation  transfer  function  (MTF)  and  the  human  visual  system  contrast 
threshold  function  (CTF).  Note  that  even  though  the  narrow  field  of  view  (FOV)  is 
exactly  one  half  of  the  wide  FOV,  the  wide  FOV  limiting  resolution  is  greater  than 
one  half  of  the  narrow  FOV  limiting  resolution  due  to  the  slope  of  the  visual  CTF. 
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Rw  Rn 

0  Spatial  Frequency  (cycles/degree) 

Figure  3.  Modulation  transfer  function  (MTF)  of  a  hypothetical  image  intensifier 
tube  as  viewed  through  two  optical  systems  (wide  and  narrow)  with  the  wide  field  of 
view  (FOV)  set  at  twice  the  size  of  the  narrow  FOV. 

To  test  this  hypothesis,  a  small  study  was  conducted  using  a  40  degree 
FOV  NVG  and  a  47  degree  FOV  NVG  borrowed  from  ITT  Corp.  of  Roanoke,  VA.  The 
visual  acuity  of  nine  subjects  was  tested  viewing  through  both  NVGs  for  five  different 
illumination  conditions.  The  visual  acuity  was  recorded  in  terms  of  Snellen  acuity  with 
the  assumption  that  20/20  Snellen  acuity  corresponds  to  30  cycles  per  degree.  Figure  4  is 
a  graph  of  the  results  of  this  study.  The  graph  of  Figure  4  shows  the  actual  average  acuity 
obtained  for  the  40  degree  FOV  and  47  degree  FOV  NVGs  compared  with  the  acuity  that 
would  be  predicted  for  the  47  degree  FOV  NVG  based  on  the  results  of  the  40  degree 
NVG  and  simple  geometry.  The  47  degree  FOV  predicted  curve  was  obtained  by 
multiplying  the  40  degree  data  by  (47/40)  thus  making  acuity  worse  (higher  Snellen 
fraction)  by  a  factor  equal  to  the  ratio  of  the  increase  in  FOV.  As  is  apparent  from  the 
graph,  the  predicted  curve  was  quite  close  to  the  actual  curve  with  the  exception  of  the 
very  lowest  luminance  level.  At  the  lowest  luminance  level  the  actual  Snellen  acuity  was 
slightly  better  but  still  not  significantly  different  (p>.05)  than  the  predicted  acuity  that 
would  be  expected  if  limiting  resolution  can  be  based  on  the  model  presented  in  Figure  2. 
With  this  encouraging  result  we  were  ready  to  do  a  more  extended  study  when  NVGs 
with  three  FOVs  became  available  for  a  relatively  short  time  (40  deg,  47  deg,  and  52  deg 
FOV).  However,  a  multiplicity  of  problems  too  involved  and  embarrassing  to  expound 
upon  here  resulted  in  inconclusive  results.  With  only  a  short  time  remaining  on  the 
availability  of  these  NVGs  we  decided  to  do  a  brief  study  involving  only  three  highly 
trained  observers  to  compare  the  effects  of  luminance  on  the  question  of  field  of  view 
versus  visual  acuity  trade-off.  To  eliminate  some  of  the  problems  that  caused  our 
inconclusive  results  of  the  ill-fated  "main"  study  we  used  only  one  ocular  of  each  of  the 
NVGs  and  we  selected  a  single  image  intensifier  tube  (which  was  moved  from  NVG  to 
NVG)  to  be  used  for  all  conditions.  The  pathways  of  scientific  investigation  never  run 
smoothly! 
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Figure  4.  Average  visual  acuity  of  nine  subjects  for  two  different  NVGs  having  40 
degree  and  47  degree  fields  of  view.  Visual  acuity  for  the  47  degree  FOV  NVG  is 
compared  with  predicted  visual  acuity  for  this  NVG  based  on  the  subjects  visual 
acuity  obtained  for  the  40  degree  NVG. 


METHOD 


Observers 

Three  well  trained  observers,  two  females  and  one  male,  ranging  in  age  from  33  to 
42  years  participated  in  the  study.  All  of  the  subjects  had  20/20  or  corrected  to  normal 
binocular  acuity  as  measured  by  a  standard  Snellen  eye  chart.  The  three  observers  who 
participated  were  laboratory  personnel  that  were  selected  for  their  superior  visual 
capability  and  their  familiarity  with  focusing  techniques  and  operation  of  NVGs.  These 
were  the  same  observers  that  routinely  assess  the  resolution  of  NVGs  acquired  for 
evaluation. 

Apparatus 

The  three  NVGs  used  in  the  study  were  prototype  NVGs  having  serial  numbers  of 
#004, 008,  and  009  manufactured  by  ITT  Coiporation  of  Roanoke,  VA.  The  NVGs  were 
manufactured  such  that  they  presented  intensified  fields  of  view  of  40, 47,  and  52 
degrees.  ITT  fitted  the  left  tube  of  each  pair  of  NVGs  with  an  image  intensifier  which 
had  a  high  signal  to  noise  ratio.  Image  intensifier  #80270  was  chosen  by  laboratory 
personnel  to  be  swapped  among  the  three  pairs  of  NVGs.  This  swapping  method  was 
chosen  because  previous  pilot  studies  with  "matched"  tubes  indicated  variations  in  visual 
performance  most  likely  due  to  individual  tube  differences.  Prior  to  each  experimental 
session,  a  telescope  with  8x  magnification  was  used  to  ensure  that  the  left  tube  diopter 
lens  focus  was  at  about  30  feet  (about  0. 1  diopters).  The  right  tube  of  each  pair  of  NVGs 
was  covered  with  a  black  cap  during  the  experimental  session.  The  non-dominant  eye  of 
the  observer  was  covered  with  an  eye  patch. 

NVG  output  luminance  was  provided  by  a  2856K  light  source  which  was  filtered 
by  aluminum  aperture  plates.  The  four  aperture  plates  were  chosen  such  that  they  would 
give  rise  to  NVG  output  luminances  of  0.01,  0.03, 0.08, 0.28,  and  1.9  fL.  These  output 
luminance  levels  correspond  roughly  to  what  would  be  seen  if  ambient  conditions  were 
between  overcast  starlight  and  full  moon.  Uniformity  of  test  target  luminance  was 
checked  before  and  after  each  experimental  session  using  a  Pritchard  1980B  photometer. 

The  test  targets  used  in  the  study  were  linear  square-wave  targets  similar  in  format 
to  those  employed  by  the  AF  3X3A  NVG  Resolution  Chart  7which  is  widely  used  by 
aircrews  to  check  their  NVGs  prior  to  a  mission.  Four  test  charts  were  employed  which 
had  alternating  horizontal  and  vertical  square-wave  patterns  ranging  in  Snellen  size  from 
20/15  to  20/120,  corresponding  to  45  cycles/degree  to  5  cycles/degree.  Modulation 
contrast  for  the  targets  was  approximately  95%.  A  typical  example  of  one  of  the  four  test 
charts  used  in  the  study  is  shown  in  Figure  5. 
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Figure  5.  Test  Chart  Used  in  Study 

Procedure 


Prior  to  viewing  the  test  charts,  the  subject  dark  adapted  for  20  minutes.  After 
dark  adaptation  was  complete,  the  subject  was  positioned  at  a  distance  of  30  feet  from  the 
test  chart,  and  an  eye  patch  was  placed  on  the  non-dominant  eye.  The  right  tube  of  the 
NVGs  was  covered  with  a  black  cap,  and  the  subject  looked  at  the  test  chart  through  the 
left  tube  using  the  dominant  eye.  (The  left  tube  of  the  NVGs  was  set  at  0.1  diopters  using 
a  dioptometer).  The  subject  looked  at  the  test  chart  and  identified  the  smallest  resolvable 
vertical  square  wave  target,  and  then  walked  backwards  until  that  same  pattern  was  no 
longer  resolvable.  The  observer  then  moved  forward  until  the  vertical  pattern  again  ' 
became  resolvable.  The  final  distance  from  the  acuity  chart  was  recorded,  and  the 
resulting  acuity  was  calculated  using  the  following  formula: 

30 

SA  = . xx  (2) 

D 

where  SA  =  Snellen  acuity  (denominator)  at  threshold 

xx  =  Snellen  denominator  of  vertical  grid  chosen  by  observer 
D  =  subject's  distance  from  chart  at  threshold  (in  feet) 

This  walk  back  procedure  was  repeated  four  times  for  each  of  the  five  NVG  output 
luminance  levels  for  a  total  of  20  trials  per  session.  Order  of  output  luminance  level  was 
randomized  within  each  testing  session.  Only  one  NVG  was  tested  during  each 
experimental  session,  with  order  of  NVG  presentation  randomized.  The  sessions  were 
conducted  on  three  consecutive  days  for  each  subject. 
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RESULTS 


The  average  visual  acuity  as  a  function  of  light  level  for  each  of  the  NVG  systems  (40, 
47,  and  52  deg)  for  the  three  observers  is  depicted  in  Figure  6.  Qualitatively,  the  results 
are  somewhat  similar  to  the  previous  study  in  that  visual  acuity  does  get  worse  as  light 
level  is  reduced  and  as  field  of  view  is  increased.  However,  since  the  visual  capability  of 
the  three  trained  observers  is  not  uniform  the  grouped  results  of  Figure  6  hides  these 
individual  effects.  Table  1  is  a  summary  of  the  results  for  each  observer. 


Table  1.  Summary  of  results:  average  Snellen  acuity  for  the  three  subjects,  three 
NVG  fields  of  view  and  five  output  light  levels 


j  SUB  1 

|  SUB  2 

SUB  3  | 

OUTPUT  LUM 

40 

47 

52 

40 

47 

52 

40 

47 

52 

0.01  ft-L 

81 

88 

117 

70 

80 

96 

55 

67 

73 

0.03  ft-L 

57 

64 

77 

55 

67 

70 

44 

53 

55 

0.08  ft-L 

50 

53 

61 

46 

56 

60 

37 

46 

48 

0.28  ft-L 

36 

46 

50 

39 

47 

49 

30 

40 

41 

1.91  ft-L 

33 

39 

43 

34 

39 

41 

25 

34 

34 

LOG  OUTPUT  LUMINANCE  (FL) 


Figure  6.  Visual  acuity  as  a  function  of  NVG  output  luminance  for  a  single  image 
intensifier  tube  viewed  through  three  different  NVG  optical  systems  for  the  three 
trained  observers. 
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LOG  OUTPUT  LUMINANCE  (FL) 


Figure  9.  Predicted  and  actual  acuity  of  subject  two  for  47  degree  FOV. 


Figure  10.  Predicted  and  actual  acuity  of  subject  two  for  52  degree  FOV. 
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SNELLEM  ACUITY  (20/XX)  g  SNELLEN  ACUITY  (20/XX) 


DISCUSSION 


For  the  52  degree  FOV  data  (Figures  8,  10  and  12)  the  predicted  visual  acuity 
(using  geometric  considerations  only)  came  very  close  to  the  actual  visual  acuity  for  all 
luminances  and  all  subjects  with  the  exception  of  the  lowest  luminance  level  for  observer 
1.  For  this  one  point,  the  predicted  visual  acuity  was  notably  better  (lower  number)  than 
the  actual  acuity  recorded  although  this  difference  was  not  statistically  significant.  This 
difference  was  also  in  the  wrong  direction  for  supporting  the  non  uniform  contrast  criteria 
model  depicted  in  Figure  2.  For  the  47  degree  FOV  data  (Figures  7,  9  and  1 1),  observer  2 
provided  results  that  support  the  geometric  model  very  well  but  observers  1  and  3  results 
were  less  clean.  Observer  1  was  somewhat  erratic  as  a  function  of  luminance  (we  found 
out  later  that  observer  1  had  recently  had  a  change  of  glasses  prescription  but  used  the 
old,  undercorrected  prescription  during  this  study).  Observer  3  seemed  to  be  consistently 
worse  than  predicted  (higher  Snellen  number)  for  the  higher  luminance  levels  which 
again  is  in  the  opposite  direction  from  what  one  would  expect  using  the  visual  contrast 
threshold  function  criteria  model  of  Figure  2.  The  bottom  line  conclusion  is  that  it 
appears  that  the  simple  geometric  model  of  the  inverse  relationship  between  resolution 
and  field  of  view  is  adequate  for  characterizing  this  particular  design  trade-off  for  current 
tube  qualities. 
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2.  NIGHT  VISION  IMAGING  SYSTEM  (NVIS)  COMPATIBILITY:  LIGHTING 
AND  DISPLAYS 

The  compatibility  or  incompatibility  of  aircraft  cockpit  lighting  and  displays  with  NVGs 
is  a  major  issue  in  aviation.  In  general,  the  aircraft  interior  lighting  and  displays  are 
considered  compatible  if  they  do  not  interfere  with  the  exterior  scene- viewing  capability 
of  the  NVGs.  Since  observers  look  under  the  goggles  to  directly  see  the  cockpit 
instruments  and  displays  (except  for  viewing  the  head-up  display),  a  compatible  cockpit 
must  also  provide  sufficient  light  of  appropriate  color  content  equivalent  to  that  of  a  non¬ 
compatible  cockpit.  A  related  issue  is  that  the  NVG-compatible  lighting  and  displays 
must  also  be  useable  under  daylight  conditions.  When  NVGs  were  first  used  in  aircraft 
cockpits,  they  were  called  second-generation  devices  because  they  used  second- 
generation  image  intensifier  tubes.  These  tubes  were  sensitive  to  light  across  the  entire 
visual  spectrum  (400  nm  blue  through  700  nm  red)  as  well  as  through  the  near-infrared 
(NIR;  700  nm  through  950  nm).  Since  cockpit  instrumentation  emits  large  amounts  of 
NIR,  it  is  extremely  difficult  to  make  it  fully  compatible  (as  defined  above)  with  NVGs. 
Techniques  to  improve  NVG  compatibility  by  using  complementary  color  filters  also 
resulted  in  lowered  second-generation  NVG  performance  (Task  &  Griffin,  1982a; 

1982b). 

Compliant  lighting  refers  to  cockpit  lighting  systems  that  meet  the  specific  luminance  and 
night  vision  imaging  system  (NVIS)  radiance  requirements  of  Mil-L-85762A  (26  August 
1988,  Military  Specification,  Lighting,  Aircraft,  Night  Vision  Imaging  System  (NVIS) 
Compatible.)  and  Mil-Std-3009  (2  February  2001 ,  Department  of  Defense  Interface 
Standard  for  Lighting,  Aircraft,  Night  Vision  Imaging  System  (NVIS)  Compatible). 

It  is  possible  for  an  aircraft  cockpit  fighting  and  display  system  to  be  NVG  compatible,  as 
previously  defined,  but  not  be  NVG  compliant,  as  per  Mil-L-85762A.  Recent,  as  yet 
unpublished,  studies  show  that  the  reverse  may  also  be  true  if  the  fighting  or  displays 
produce  direct  reflections  in  the  aircraft  windscreen  that  the  NVGs  must  view  through. 

Another  issue  associated  with  NVG-fighting  compatibility  involves  external  fighting 
(navigation  fights,  anti-collision  strobes,  position  fights,  etc.).  None  of  the  articles  in  the 
present  section  address  this  issue,  but  it  is  normally  highly  desirable  to  make  sure  the 
external  aircraft  fighting  can  be  used  in  conjunction  with  the  NVGs  without  causing 
degradation  in  NVG  performance. 

The  first  article,  Blouin  (1997),  provides  basic  information  about  human  vision  and  dark 
adaptation.  This  is  an  important  issue  because  visual  acuity  through  NVGs  tends  to  be 
improved  by  increasing  the  output  luminance  of  the  NVGs.  This  increase  changes  the 
individual’s  fight  adaptation  state,  making  it  necessary  for  the  cockpit  lighting  to  be 
correspondingly  higher,  so  that  crewmembers  can  properly  see  their  instruments  and 
displays.  Task  &  Griffin  (1982a;  1982b)  describe  various  techniques  developed  to  make 
helicopter  cockpit  fighting  NVG  compatible.  Slusher  (1985)  provides  an  excellent 
reference  for  the  determination  of  what  luminance  level  should  be  attained  in  the  aircraft 
cockpit  for  aircrew  use.  Pinkus  (1988)  describes  a  broad  view  of  techniques  used  to 
make  a  cockpit  NVG  compatible.  Donohue-Perry  (1984)  demonstrates  that 
electroluminescent  fighting  obeys  the  laws  of  photometry  and  can  be  used  for  NVG 
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compatible  lighting.  Craig,  Bartell,  Hettinger  &  Riegler  (1993)  describes  NVG 
compatible  lighting  for  fixed-wing  aircraft.  Marasco,  Bowyer  &  Boulter  (2001)  and 
Marasco  (2001)  examine  the  issue  of  “super”  luminance  levels  for  cockpit  displays  in 
order  to  achieve  higher  aircrew  member  visual  acuity  capability  with  respect  to  the 
display  and  the  displayed  information.  The  last  article,  Task  (1998),  describes  the  pros 
and  cons  of  using  chemical  light  sticks  as  an  interim  method  of  achieving  NVG 
compatible  lighting. 

These  articles  are  reprinted  to  provide  the  reader  with  a  reference  and  background  to 
better  understand  NVIS  compatibility  of  lighting  and  displays. 
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another  type  of  light  source  whose  effect  on  dark  adapta¬ 
tion  has  not  been  determined.  Electroluminescent  lighting 
differs  from  an  incandescent  light  in  that  it  is  a  solid 
state  device  which  absorbs  electrical  energy  and  converts 
it  to  a  steady  uniform  glow. 

Typically,  an  EL  lamp  is  a  polycrystalline  copper 
doped,  zinc  sulfide  powder  phosphor  that,  when  excited  by 
an  alternating  current,  causes  an  electron  shift  within  the 
phosphor  atom,  thereby  releasing  photons,  or  light.  The  EL 
lamp  emits  light  in  a  relatively  narrow  bandwidth,  has  no 
infrared  component,  is  capacitive  in  nature,  and  differs 
from  the  conventional  incandescent  light  source  in  the  same 
sense  that  transistors  differ  from  vacuum  tubes  (6).  It  is 
not  a  new  light  source;  but  due  to  recent  improvements  in 
color  stability,  more  efficient  power  supplies,  and  micro¬ 
encapsulation  techniques,  it  shows  great  promise  for  a  wide 
range  of  applications.  The  EL  lamp  is  currently  being  used 
in  buses,  trucks,  automobiles,  and  in  aircraft  for  instru¬ 
ment  and  cargo  area  lighting  (6).  It  could  also  be  used 
^^r  home  security,  emergency  exit  signs,  and  appliances. 

Currently,  the  PRAM  ( Producibility,  Reliability, 
Availability,  Maintainability)  Program  Office  of  the  Aero¬ 
nautical  Systems  Division  at  Wright-Patterson  AFB,  Ohio,  in 
* 

response  to  Military  Airlift  Command  Statement  of  Need 
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(MAC  SON)  02-79,  is  conducting  field  experiments  to  deter¬ 
mine  if  EL  lighting  is  suitable  for  austere  airfield 
lighting.  In  addition,  the  capabilities  of  EL  lights  on 
C-130  cargo  and  cockpit  areas  are  being  pursued  by  PRAM. 
During  the  tests  of  electroluminescent  lighting  on  C-130 
aircraft,  it  was  stated  that  EL  lamps  "could  be  viewed  at 
very  close  ranges  without  affecting  night  vision  [5]." 

Night  Vision 

Night  vision,  the  ability  of  an  individual  to  see  at  night, 
depends  on  the  individual's  level  of  dark  adaptation.  Dark 
adaptation  and  night  vision  involve  increased  visual  sensi¬ 
tivity  resulting  from  exposure  to  decreasing  quantities  of 
visible  light.  The  most  frequently  tested  aspect  of  dark 
adaptation  is  the  absolute  light  level  or  the  threshold  of 
seeing  (3:9). 

The  absolute  light  sense  is  the  most 
fundamental  and  most  frequently  measured 
parameter  of  dark  adaptation.  Historically, 
the  absolute,  minimal,  contrast,  or  relative 
brightness  thresholds  have  been  used  as  the 
criteria  of  individual  night  vision  ability 
[3:36]. 

Visual  acuity  is  another  factor  which  has  an  effect  on 
night  vision.  Visual  acuity  is  not  only  concerned  with  the 
ability  of  an  individual  to  recognize  a  target,  but  also 
involves  the  capacity  to  discriminate  fine  details  in  an 
object  or  scene  that  is  viewed  (3:26).  The  discrimination 
of  fine  details  or  resolution  involves  the  individual 
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responding  to  a  separation  between  elements  of  a  pattern. 
The  most  common  pattern  used  is  a  grating  pattern,  similar 
to  Figure  1,  in  which  the  widths  of  the  dark  and  bright 
lines  are  made  equal  (4:325).  Normally,  a  series  of 
gratings  from  coarse  to  fine  is  presented  and  visual  acuity 
is  specified  in  terms  of  the  angular  width  of  one  line  for 
^he  finest  grating  that  can  be  resolved  (4:325). 

Visual  acuity,  in  the  sense  of  resolution, 
is  the  reciprocal  of  the  angular  separation 
between  two  elements  of  the  test  pattern  when 
the  two  images  are  barely  resolved  [4:325], 

Therefore,  fine  lines  indicate  a  high  degree  of  acuity  and 

wide  lines,  a  low  degree. 


Figure  1.  Acuity  Grating 

Dark  adaptation  and  visual  acuity  may  be  quantified  to 
determine  an  individual's  night  vision  and  the  type  of 
light  source  to  be  used,  i.e.,  electroluminescent  or  incan¬ 
descent  may  be  chosen  based  on  that  quantitative  data. 
However,  once  the  type  of  light  is  fixed,  the  aircraft 
crewmember  only  has  one  variable  which  he  may  control  and 
that  is  the  qualitative  variable  of  light  comfort  level. 
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Therefore,  to  test  the  effects  of  electrolumi¬ 
nescent  versus  incandescent  light  sources  on  dark  adapta¬ 
tion,  this  paper  will  focus  on  the  quantitative  aspects  of 
absolute  luminance  and  visual  acuity  as  well  as  the  quali¬ 
tative  aspect  of  light  comfort  level . 

Problem  Statement 

A  requirement  exists  for  an  evaluation  of  electro¬ 
luminescent  lamps  to  provide  quantitative  data  of  their 
effect  on  dark  adaptation  of  the  human  eye.  This  evalua¬ 
tion  focuses  on  the  following: 

1.  Absolute  Luminance  Threshold  of  Vision 

2.  Resolution  of  Visual  Detail  as  Provided  by 
Square  Wave  Spatial  Frequency  Gratings  ( see 
Appendix  A) 

3.  Comfort  Level  of  Cockpit  Lighting  as  Determined 
by  Rated  Air  Force  Personnel 

Justification 

By  initiating  a  field  study  into  the  use  of  EL 
lamps  in  response  to  MAC  SON  02-79,  PRAM  established  the 
correlative  need  to  evaluate  EL  lighting  to  determine: 

1.  The  Effect  of  EL  Lights  on  Human  Visual 
Parameters 

2.  The  Desirability  of  Expanding  the  Use  of  EL 
lighting  for  Cockpit  and  Runway  Light  Uses 

Specifically,  prior  to  committing  additional  funds  and 
physical  resources  to  the  procurement  of  EL  lamps  for  cock¬ 
pit  and  airfield  lighting,  Air  Force  decision  makers  must 
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be  provided  with  quantitative  as  well  as  qualitative  data 
on  electroluminescent  lighting. 

Objectives 

To  determine  the  effects  of  an  EL  light  source  on 
the  dark  adaptation  threshold  of  the  human  eye. 

To  determine  the  effects  of  an  EL  light  source  on 
visual  acuity  using  square  wave  spatial  frequency  gratings. 

To  determine  the  cockpit  lighting  comfort  range 
using  EL  and  incandescent  (INC)  light  sources. 

Hypotheses 

An  EL  light  source  affects  the  dark  adaptation 
threshold  of  the  human  eye  in  the  same  manner  as  an  incan¬ 
descent  light  source. 

An  EL  light  source  affects  the  grating  resolution, 
2t  a  predetermined  spatial  frequency,  in  the  same  manner  as 
an  incandescent  light  source. 

Rated  Air  Force  personnel  select  the  same  or 
greater  cockpit  luminance  levels  when  using  an  EL  light 
source  than  when  using  an  incandescent  light  source. 

Literature  Review 

A  large  number  of  scientists  and  medical  personnel 
have  examined  the  endogenous  factors  (those  factors  which 
have  an  individual  physiological  and  anatomical  basis) 
which  influence  dark  adaptation.  Many  scientists  have  also 
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examined  the  numerous  exogenous  factors  (those  factors 
which  are  in  the  environment  and  subject  to  experimental 
control)  which  influence  dark  adaptation.  But,  there  is 
currently  no  research  being  conducted  into  the  exogenous 
factor  of  the  effect  of  electroluminescent  lighting  on  the 
parameters  of  dark  adaptation  and  visual  acuity. 

A  literature  search  was  conducted  into  the  area  of 
dark  adaptation  and  visual  acuity  using  electroluminescent 
lighting.  The  search  included  the  resources  of  the  Defense 
Technical  Information  Center  (DTIC),  of  the  Defense  Logis¬ 
tics  Agency  at  Alexandria,  Virginia,  the  Integrated  Visual 
Image  Technology  Section  (IVITS)  of  the  Air  Force  Aerospace 
Medical  Research  Laboratory  (AFAMRL)  at  Wright-Patterson 
Air  Force  Base  (WPAFB),  and  the  Air  Force  Wright  Aero¬ 
nautical  Laboratories  (AFWAL)  Technical  Library  at  WPAFB. 

The  IVITS  library  is  a  working  library  specifically 
geared  toward  vision  and  display  technology.  The  AFWAL 
library  search  included  an  index  of  all  conference  papers 
for  the  years  1973  through  1980  as  provided  by  the  Dialog 
Information  Retrieval  Service.  In  addition,  the  AFWAL 
search  included  all  research  in  progress  or  completed  in 
the  past  two  years  as  listed  with  the  Smithsonian  Science 
Information  Exchange  (SSIE). 
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CHAPTER  II 


METHODOLOGY 

The  purpose  of  this  chapter  is  to  describe  the 
apparatus  used  in  the  experiment,  the  scope  of  the  experi¬ 
ment,  and  the  procedures  followed  during  the  experiment. 

Apparatus 

Figure  2  is  a  schematic  representation  of  the  night 
vision  tester  (NVT)  used  during  the  experiment  to  provide 
the  dark  adaptation  curves  and  the  spatial  threshold 
curves.  Figure  3  is  a  picture  of  the  night  vision  tester 
and  the  Pritchard  photometer.  The  NVT  allows  for  an 
8  degree  field  of  view,  and  the  slide  wheel  contained  five 
slides  of  varying  square  wave  gratings.  The  five  spatial 
frequencies  tested  with  the  slides  were  1,  1.6,  6.25,  10, 
and  12.5  cycles  per  degree  (cpd).  The  light  source  was  an 
electroluminescent  panel  approximately  2  inches  x  8  inches. 
The  EL  panel  was  filtered  with  the  use  of  an  ND2  filter  to 
reduce  the  light  output  to  threshold  levels.  The  Variac 
controlled  the  voltage  level  to  the  EL  panel,  thereby  con¬ 
trolling  the  light  output.  A  Pritchard  photometer  was  used 
to  generate  a  calibration  curve  of  the  NVT  which  related 
the  Variac  voltage  to  a  luminance  level. 


SUDE  WHEEL 
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ND2 

FIL¬ 

TER 
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.  Schematic  of  the  Night  Visio 


Figure  3.  Night  Vision  Tester 


as  shown  in 


The  pseudo-cockpit  environment. 

Figure  4,  had  four  control  panels  or  dials  taken  from  a 
variety  of  aircraft.  The  panels  were  illuminated  by  either 
EL  or  incandescent  lamps  which  were  filtered  to  remove  any 
color  differences.  Figure  5  is  a  graph  of  the  relative 
output  versus  wavelength  of  the  EL  and  INC  light  sources. 
Figure  6  shows  where  each  light  source  falls  on  the  Uniform 
Chromaticity  Scale  (UCS).  A  Variac,  identical  to  the  one 
on  the  NVT,  was  used  to  vary  the  voltage  and  subsequently 
the  illumination  of  the  control  panels.  Again,  a  Pritchard 
photometer  was  used  for  calibration  curves  for  each  light 
source. 

The  raw  data  was  recorded  by  a  Texas  Instruments 
Silent  700  ASR  Electronic  Data  Terminal,  shown  in  Figure  7. 
The  terminal  and  its  associated  software  recorded  the  sub¬ 
ject's  response  time  as  well  as  the  voltage  level  for  both 
the  NVT  and  pseudo-cockpit  area.  In  addition,  a  control 
box  with  switches  to  turn  each  Variac  on  or  off  and  a 
switch  for  light  source  selection  was  provided. 

Scope 

The  experiment  was  conducted  using  ten  active  duty 
Air  Force  officers.  Each  subject  had  20/20  visual  acuity 
with  or  without  corrective  lenses  as  measured  with  a  stan¬ 
dard  eye  chart.  The  sample  was  not  entirely  random,  as  the 
subjects  were  volunteers  attending  the  Air  Force  Institute 


129 


0.  875 


131 


Figure  5.  Relative  Output  ve 


UNIFORM  CHROMATICITY  SCALE 
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Figure  6.  Uniform  Chromaticity  Scale 


Figure  7 .  Texas  Instrument  Silent  700  Terminal 


of  Technology,  but  there  was  no  reason  to  suspect  that  the 

night  vision  capacity  of  the  group  would  differ  from  a 

random  sample's  capacity.  All  subjects  were  male,  between 

the  ages  of  28  and  35.  The  experiment  was  conducted 

between  the  hours  of  1030  and  1730  over  a  six-day  period 
* 

and  took  approximately  2.5  hours  per  subject  to  complete. 


133 


Procedure 


The  experiment  can  be  broken  down  into  four  tasks: 

1 .  Adaptation 

2.  Threshold/Frequency 

3.  Response 

4.  Comfort 

The  first  two  tasks  were  accomplished  using  the  NVT  only 
and  provided  baseline  data  of  the  absolute  threshold  and 
spatial  frequency  response  of  each  subject.  Task  3  used 
both  the  NVT  and  the  pseudo-cockpit  environment  and  pro¬ 
vided  data  on  the  effect  of  the  different  light  sources  on 
the  subject's  absolute  dark  adaptation  threshold  and 
grating  resolution.  Task  4  relied  solely  on  the  pseudo¬ 
cockpit  environment  and  provided  data  on  the  subject's 
luminance  level  preference  for  each  of  the  two  light 
sources  (EL  and  INC). 

Prior  to  the  start  of  Task  1,  the  subject  was  shown 
the  equipment,  given  a  written  explanation  of  the  procedure 
(Appendix  B) ,  and  signed  a  consent  form  (Appendix  C) . 

Table  1  shows  in  outline  form  the  procedure  fol¬ 
lowed  during  the  experiment.  Each  subject  was  instructed 
to  press  the  response  button  when  he  could  just  distinguish 
the  light  for  Task  1.  Tasks  2  and  3  required  the  subject 
to  press  the  response  when  he  could  just  distinguish  the 
light  and  press  again  when  he  could  just  distinguish  the 
gratings.  For  Task  4,  the  subject  was  instructed  to  adjust 
the  light  level  to  where  he  would  perform  a  normal  flying 
mission. 
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TABLE  1 


EXPERIMENTAL  PROCEDURE 


Sequence : 


TASK  1:  ADAPTAT ION 


1.  Lights  turned  out  in  room. 

2.  Timer  starts. 

3.  Subject  sets  Variac  to  threshold  and  presses 
response  button. 

4.  Time  and  Variac  voltage  recorded. 

5.  Subject  returns  Variac  to  zero  setting  and 
waits  30  seconds  before  repeating  Step  3. 

6.  Subject  continues  for  approximately  30  minutes. 


TASK  2:  THRESHOLD /FREQUENCY 

Sequence : 

1.  Experimenter  positions  grating  1  into  NVT. 

2.  Subject  sets  Variac  to  threshold  and  presses 
response  button  to  record  voltage. 

3.  Subject  sets  Variac  to  resolve  gratings  and 
presses  response  to  record  voltage. 

4.  Repeat  Steps  2  and  3  eight  times. 

5.  Repeat  for  each  of  five  gratings. 
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TABLE  1 — continued 


TASK  3:  RESPONSE 


Sequence : 

1.  Experimenter  randomly  selects  light  source 
(EL  or  INC)  at  predetermined  luminance  level 
(~0.02  ftL). 

2.  Subject  views  pseudo-cockpit  light  area  for 
90  seconds. 

3.  Experimenter  turns  off  light  which  starts 
timer. 

4.  Subject  turns  to  NVT  and  adjusts  Variac  2  to 
absolute  threshold  and  presses  response. 

5.  Elapsed  time  and  voltage  are  recorded. 

6.  Subject  adjusts  Variac  to  resolve  grating 
number  4  (10  cpd)  and  presses  response. 

7.  Time  and  voltage  are  recorded — timer  reset. 

8.  Repeat  1  through  7  eight  times  for  each  light 
source . 

TASK  4;  COMFORT 

Sequence : 

1.  Experimenter  randomly  selects  light  source  (EL 
or  INC). 

2.  Subject  adjusts  cockpit  Variac  to  comfort  level 
and  presses  response. 

3.  Variac  voltage  and  light  source  (EL  or  INC) 
are  recorded. 

4.  Repeat  1  through  3  eight  times  for  each  light 
source . 
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CHAPTER  III 


ANALYSIS  AND  INTERPRETATION 
Introduction 

The  purpose  of  this  chapter  is  to  provide  the 
statistical  techniques  used  to  analyze  the  experimental 
data,  explain  the  results  of  each  portion  of  the  experi¬ 
ment,  and  discuss  those  results. 


Statistical  Techniques 

A  single  factor  repeated  measures  design  analysis 
of  variance  (ANOVA)  was  performed  to  determine  the  effects 
of  different  light  sources  (incandescent  and  electrolumi¬ 
nescent)  on  the  subject's  absolute  dark  adaptation  thresh¬ 
old  and  grating  resolution  threshold  before  and  after  light 
exposure.  A  one-way  ANOVA  with  repeated  measures  was  per¬ 
formed  on  the  comfort  portion  of  the  experiment.  The  sub¬ 
ject  means  for  each  condition  were  used  as  inputs  to  each 
cell.  All  results  were  tested  at  an  alpha  level  of  .05.  A 


summary  of  the  one-way  ANOVAs  with  repeated  measures  is 
provided  in  Appendix  H. 


*  Results 

The  data  for  Task  1  dark  adaptation  and  Task  2 
resolution  of  each  spatial  frequency  is  graphed  and  shown 
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in  Appendix  D  and  E,  respectively.  The  data  for  Task  3 
response  and  Task  4  comfort  portions  of  the  experiment  are 
tabulated  in  Appendices  F  and  G. 

The  graphs  of  the  dark  adaptation  curves  approxi¬ 
mate  the  classical  work  of  Hecht  and  McFarland,  but  a 
direct  comparison  cannot  be  made  due  to  the  differences  in 
apparatus  and  technique.  The  amount  of  noise  in  the  system 
did  not  allow  for  acceptable  curve  fitting  of  the  data. 
The  graphs  show  considerable  variability  between  subjects, 
e.g..  Subject  1  attained  his  threshold  level  of  approxi¬ 
mately  1  x 10  ^  ftL  within  12  minutes,  whereas  Subject  7 
only  required  5  minutes  to  attain  the  same  threshold  level. 
The  threshold  levels  varied  between  subjects  from  3  x 
10"7  ftL  to  8  x  10-6  ftL. 

The  subjects  mean  values  of  luminance  threshold  for 
resolution  of  spatial  frequencies  varied  considerably. 
Resolution  of  the  10  cycles  per  degree  grating  required  an 
average  luminance  level  of  0.004  ftL  for  Subject  7,  but 

0.019  for  Subject  2.  The  respective  standard  deviations 

are  0.009  and  0.004. 

The  results  of  the  absolute  threshold  portion  of 

Task  2  and  Task  3  in  the  experiment  relate  to  research 

Question  1  found  in  Chapter  I.  The  computerized  results  of 
* 

the  ANOVA  are  provided  as  Appendix  I  and  the  F-  ratios  and 


their  probabilities  are  listed  in  Table  2.  The  results 
indicate  that  the  null  hypothesis  cannot  be  rejected,  and 
led  to  the  conclusion  that  an  EL  light  source  affects  the 
dark  adaptation  threshold  of  the  human  eye  in  the  same 

manner  as  an  incandescent  light  source  at  the  .05  alpha 
level . 


TABLE  2 

ABSOLUTE  THRESHOLD  RESULTS 


ANOVA 

F-  Ratio 

Probability 

Before  vs 

INC  vs  EL 

1.192 

0.3585 

Before  vs 

INC 

1.107 

0.3277 

Before  vs 

EL 

1.629 

0.2426 

INC  vs  EL 

0.036 

0.8549 

The  results  of  the  grating  resolution  portion  of 
Task  2  and  Task  3  in  the  experiment  relate  to  research 
Question  2  found  in  Chapter  I.  The  computerized  results  of 
the  ANOVA  are  provided  in  Appendix  J  and  the  F-  ratios  and 
their  probabilities  are  listed  in  Table  3. 

The  results  do  not  allow  for  the  rejection  of  the 
null  hypothesis,  and  led  to  the  conclusion  that  the  two 
light  .  sources  affect  grating  resolution  threshold  in  the 
same  manner.  The  F-  probability  of  the  incandescent  versus 
electroluminescent  ANOVA  of  0.0203  seems  to  contradict  all 
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TABLE  3 


GRATING  RESOLUTION  F-  RATIOS 
AND  PROBABILITIES 


ANOVA 

F-  Ratio 

Probability 

Before  vs  INC  vs  EL 

2.131 

0.1812 

Before  vs  INC 

2.834 

0.1308 

Before  vs  EL 

1.435 

0.2652 

INC  vs  EL 

8.331 

0.0203 

previous  results.  Therefore,  a  Siegel-Tukey  Test  was  per¬ 
formed  on  that  particular  data.  The  assumption  of  nor¬ 
mality  was  relaxed,  and  the  test  was  conducted  with  the 
hypothesis  as  follows: 

Hq:  VAR(INC)  =  VAR ( EL ) 

H  :  VAR ( INC )  ?  VAR ( EL ) 

cl 

The  test  was  conducted  at  the  .05  alpha  level  and  the 

results  do  not  allow  for  the  rejection  of  the  null  hypothe¬ 
sis.  The  calculations  are  provided  in  Appendix  K. 

The  results  of  Task  4,  the  comfort  portion  of  the 

experiment,  relate  to  the  third  hypothesis  found  in 

Chapter  I.  The  computerized  results  of  the  one-way  ANOVA 

are  provided  in  Appendix  L.  The  F-  ratio  of  11.531  and 

> 

P ( F)  11.531  =  .0094  led  to  the  rejection  of  the  null  hypoth¬ 
esis,  and  the  conclusion  that  individuals  selected  lower 
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luminance  levels  with  the  EL  light  source  than  with  the 
incandescent  light  source.  The  ratio  of  incandescent  to 
electroluminescent  averaged  1.4.  This  indicates  that  the 
subjects  selected  40  percent  more  light  for  their  comfort 
when  using  the  incandescent  light  source. 

Discussion 

A  cursory  look  at  the  data  provided  in  Appendix  D 
indicates  the  wide  variability  of  both  absolute  threshold 
and  grating  resolution  between  individual  subjects. 
Subject  7  was  not  included  in  the  analysis  of  the  entire 
experiment.  It  was  learned  the  subject  had  been  diagnosed 
as  having  Aides  Pupils.  Aides  Pupils  is  a  condition  where 
the  pupils  of  the  eye  are  fixed  and  do  not  respond  to 
changes  in  light  levels.  Though  Subject  7  met  the  initial 
criteria  of  20/20  vision  and  a  rated  Air  Force  officer,  it 
was  felt  the  abnormality  of  Aides  Pupils  was  sufficient  to 
disqualify  his  results. 

Subject  6  was  not  included  in  the  analysis  of  the 
absolute  threshold  portion  of  the  experiment.  His  data 
indicates  he  was  two  orders  of  magnitude  different  than  any 
other  subject  in  the  posttreatment  portion  of  the  experi¬ 
ment.  Apparently,  exposure  to  the  EL  and  INC  light  sources 
completely  destroyed  his  rod  vision,  and  he  was  operating 
with  the  use  of  his  cones  to  detect  light.  It  is  also 
interesting  to  note  Subject  6’s  dark  adaptation  curve 
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(Appendix  D)  is  one  of  the  higher  curves  encountered  in 
this  experiment. 

The  lack  of  evidence  to  reject  the  null  hypothesis 
for  the  first  two  research  questions  is  not  surprising. 
The  eye  reacts  to  a  photon  of  light  of  a  particular  wave¬ 
length,  regardless  of  the  source  of  light.  The  rejection 
of  the  null  hypothesis  for  research  Question  3  was  unex¬ 
pected.  A  recheck  of  the  experimental  apparatus  revealed 
that  the  photometer  was  measuring  an  infrared  component 
with  the  incandescent  light  source.  This  explains  about 
8  percent  of  the  difference,  but  still  leaves  over  30  per¬ 
cent  to  be  explained.  The  dynamics  of  the  equipment  as  it 
relates  to  the  curves  of  the  EL  and  INC  light  sources  may 
be  another  source  of  the  differences  found  in  this  experi¬ 
ment. 

The  dynamics  of  the  equipment  refers  to  the  fact 
that  the  Variacs  used  were  linear  in  nature  and  controlled 
the  voltage  for  each  light  source.  As  can  be  seen  by 
Figure  8,  the  electroluminescent  light  source  was  somewhat 
linear  with  respect  to  voltage,  but  the  incandescent  source 
was  not  linear.  This  may  explain  the  remaining  differences 
found  in  this  experiment. 
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Figure  8.  Calibration  Curves 


CHAPTER  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 
Introduction 

In  this  chapter,  the  findings  discussed  in 
Chapter  III  are  evaluated  in  light  of  the  initial  hypothe¬ 
ses  specified  in  Chapter  I.  Each  of  the  hypotheses  is 
restated  and  considered  below.  Because  this  research 
effort  was  a  preliminary  investigation  into  the  differences 
of  incandescent  versus  electroluminescent  light  sources, 
some  recommendations  for  future  study  are  provided. 

Conclusions 

The  first  hypothesis  dealt  with  the  absolute 
threshold  of  dark  adaptation  of  the  human  eye.  It  stated: 

An  EL  light  source  affects  the  adaptation 
threshold  of  the  human  eye  in  the  same  manner 
as  an  incandescent  light  source. 

The  experimental  data  and  the  subsequent  analysis  provided 

no  evidence  to  reject  the  above-stated  hypothesis  at  the 

.05  alpha  level. 

The  second  hypothesis  was  concerned  with  the  reso¬ 
lution  of  a  square  wave  grating  of  a  predetermined  spatial 
frequency.  It  stated: 
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An  EL  light  source  affects  the  ability  of 
the  human  eye  to  resolve  a  square  wave  grating 
at  a  predetermined  spatial  frequency  in  the 
same  manner  as  an  incandescent  light  source. 

The  experimental  data  and  subsequent  analysis  again  pro¬ 
vided  no  evidence  to  reject  this  hypothesis  at  the  .05 
alpha  level.  The  significant  difference  noted  when  an 
ANOVA  was  conducted  on  the  EL  versus  INC  portion  of  the 
grating  resolution  portion  of  the  experiment  was  attributed 
to  the  very  large  differences  between  subjects.  To  compen¬ 
sate  for  the  large  disparity,  additional  analysis  relaxed 
the  assumption  of  a  normal  population  and  tested  the 
equality  of  the  variances.  Analysis  established  that  no 
significant  differences  were  present.  Based  on  these 
it  was  concluded  that  the  ability  of  the  human 
eye  to  resolve  a  square  wave  grating  is  not  dependent  on 
the  type  of  light  source. 

The  final  hypothesis  was  concerned  with  a  subjec¬ 
tive  evaluation  of  the  amount  of  light  required  to  fly  a 
normal  mission  by  rated  Air  Force  officers.  It  stated: 

Rated  Air  Force  personnel  select  the  same 
or  greater  cockpit  luminance  levels  when  using 
an  EL  light  source  than  when  using  an  incan¬ 
descent  light  source. 

The  experimental  data  and  subsequent  analysis  led  to  the 
rejection  of  the  above-stated  hypothesis.  A  significant 

i 

difference  was  noted  between  the  two  light  sources.  An 
interesting  discovery  not  tested  during  this  experiment,  was 
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the  difference  in  luminance  levels  based  on  aeronautical 
rating.  The  three  pilots  in  the  group  invariably  selected 
lower  luminance  levels  than  did  the  navigators.  This  fact 
may  be  of  importance  to  aircraft  cockpit  lighting  de¬ 
signers,  especially  in  two-place  cockpits  such  as  the 
FB-111. 


Recommendations 

This  study  has  been  an  initial  investigation  of  the 
claims  that  electroluminescent  light  is  somehow  perceived 
differently  by  the  human  eye  than  is  incandescent  light. 
Therefore,  it  is  difficult  to  generalize  the  findings 
herein  over  the  wide  range  of  the  entire  cockpit  luminance 
problem.  However,  even  though  the  actual  scope  of  this 
study  was  confined  to  a  small  population,  certain  recommen¬ 
dations  can  be  made  which  could  aid  in  defining  the  overall 
cockpit  lighting  criteria. 

Research  completed  for  this  study  indicates  that  EL 
light  should  not  be  selected  for  cockpit  lighting  based  on 
its  effect  on  dark  adaptation  alone.  There  may  be  many 
other  reasons,  i.e.,  power  consumption,  cost,  life  span, 
weight,  etc.,  to  select  EL  light,  but  its  effect  on  dark 
adaptation  and  square  wave  grating  resolution  is  no  dif¬ 
ferent  than  incandescent  lighting. 
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With  respect  to  the  comfort  portion  of  the  test, 
additional  research  to  control  the  dynamics  of  the  experi¬ 
ment  may  resolve  the  differences  found  in  this  experiment. 
One  suggestion  for  further  study  is  to  preset  the  luminance 
of  the  incandescent  light  source  and  have  the  subject 
adjust  the  EL  source  to  match  the  luminance  levels.  In 
this  manner  the  effect  of  the  two  different  luminance 
curves  and  the  relative  positioning  of  the  Variac  could  be 
eliminated  as  a  cause  of  those  differences. 

An  additional  area  for  further  research  is  the 
difference  in  comfort  levels  between  pilots  and  navigators. 
Research  into  this  area  may  provide  verification  of  the 
differences  found  in  this  preliminary  study.  This  effect 
may  be  of  some  importance  in  designing  future  aircraft 
cockpit  lighting  systems. 

The  substantial  variability  that  exists  between 
subjects  is  worthy  of  note  even  in  this  small  sample  size. 
Additional  research  is  required  to  determine  the  extent  and 
relevance  of  this  variability  as  it  applies  to  different 
light  sources. 


147 


APPENDICES 
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APPENDIX  A 

DEFINITION  OF  SPATIAL  FREQUENCY 
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SPATIAL  FREQUENCY 


A  square  wave  grating  is  a  repeated  sequence  of 
light  and  dark  bars.  The  width  of  one  light  and  one  dark 
bar  of  a  grating  is  one  cycle  or  the  period  of  the  grating. 
The  reciprocal  of  the  period  is  the  spatial  frequency — the 
number  of  cycles  of  the  grating  that  occur  over  a  specified 
distance.  The  spatial  frequency  of  an  object  can  be 
expressed  in  cycles  per  degree  (cpd)  of  visual  angle.  The 
square  wave  grating  relates  to  an  individual's  visual 
acuity.  For  example,  a  square  wave  grating  consisting  of 
80  cycles  per  inch  equals  10  cycles  per  degree.  Ten  cycles 
per  degree  is  equivalent  to  3  minutes  of  arc  or  20/60 
vision. 


APPENDIX  B 


EXPERIMENTAL  PROCEDURE 
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EXPERIMENTAL  PROCEDURE 


Dark  Adaptation  of  Rated  Air  Force  Officers  Using 
Electroluminescent  versus  Incandescent  Light  Sources 

You  are  invited  to  participate  in  an  experiment  entitled, 
"Dark  Adaptation  of  Rated  Air  Force  Officers  using  Electro¬ 
luminescent  versus  Incandescent  Light  Sources."  We  hope  to 
study  and  measure  any  difference  in  these  lighting  systems. 

If  you  decide  to  participate,  you  will  be  asked  to  take 
part  in  three  phases  of  the  experiment.  The  first  phase 
will  be  standard  dark  adaptation  measurements  using  the 
same  type  of  device  used  in  an  ophthalmologist's  office. 
You  will  be  asked  to  sit  in  a  dark  room  for  about  30  min¬ 
utes  and  asked  to  identify  a  striped  slide  as  your  eyes 
adapt  to  the  dark. 

The  second  phase  will  consist  of  spatial  threshold  measure¬ 
ments.  You  will  be  asked  to  view  a  slide  under  dark  envi¬ 
ronment  conditions.  The  slide  will  be  retro-illuminated 
with  the  amount  of  light  slowly  increasing.  You  will  be 
asked  (a)  when  you  see  any  luminance,  and  then  (b)  to  iden¬ 
tify  the  target  on  the  slide.  The  light  will  then  be 
decreased  to  the  initial  conditions  and  the  measurements 
repeated. 

In  the  third  phase  you  will  be  asked  to  sit  in  front  of  a 
simulated  cockpit  panel  and  increase  the  lighting  until  you 
feel  it  to  be  at  a  comfortable  working  level,  i.e.,  you  can 
readily  identify  the  information  on  the  dials  and  gauges. 
You  will  then  be  measured  for  dark  adaptation  as  before. 

Your  confidentiality  as  a  participant  in  this  program  will 
be  protected.  Your  name  will  not  be  revealed  without  your 
written  permission.  Statistical  data  collected  during  the 
test  program  may  be  published  in  scientific  literature 
without  identifying  individual  subjects.  You  will  be  asked 
to  participate  for  one  session  that  will  last  no  more  than 
2  hours  with  approximately  30  minutes  for  initial  dark 
adaptation.  There  will  be  about  a  5  minute  break  each  half 
hour . 

You  will  receive  no  monetary  benefits  for  participating  in 
the  study.  No  alternative  exists  to  obtain  the  required 
information.  Your  decision  to  participate  will  not  preju¬ 
dice  your  future  relations  with  the  Air  Force  Aerospace 
Medical  Research  Laboratory.  If  you  decide  to  participate, 
you  are  still  free  to  withdraw  your  consent  and  to  discon¬ 
tinue  participation  at  any  time  without  prejudice.  If  you 
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have  any  questions,  we  expect  you  to  ask  us.  If  you  have 
additional  questions  later.  Dr.  Lee  Task,  Lt.  Col.  Genco, 
or  Capt.  Blouin  {255-6623)  will  be  happy  to  answer  them. 
Any  medical  questions  will  be  referred  to  Dr.  Wolf. 

YOU  WILL  BE  GIVEN  A  COPY  OF  THIS  FORM  TO  KEEP. 


Date 


VOLUNTEER'S  INITIALS 


APPENDIX  C 
CONSENT  FORM 
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CONSENT  FORM 


Dark  Adaptation  of  Rated  Air  Force  Officers 
Using  Electroluminescent  versus 
Incandescent  Light  Sources 

1/  _ ,  having  full  capacity  to 

consent,  do  hereby  volunteer  to  participate  in  a  research 
study  entitled,  "Dark  Adaptation  of  Rated  Air  Force 
Officers  Using  Electroluminescent  versus  Incandescent  Light 
Sources"  under  the  direction  of  Dr.  Lee  Task,  Lt.  Col.  Lou 
Genco,  and  Capt.  George  K.  Blouin.  The  implications  of  my 
voluntary  participation,  the  nature,  duration,  and  purpose, 
the  methods  and  means  by  which  it  is  to  be  conducted,  and 
inconveniences  and  hazards  which  may  reasonably  be  expected 

have  been  explained  to  me  by  _ 

and  are  set  forth  on  the  reverse  side  of  this  agreement, 
which  I  have  initialed.  I  have  been  given  the  opportunity 
to  ask  questions  concerning  this  research  project,  and  any 
such  questions  have  been  answered  to  full  and  complete 
satisfaction.  I  understand  that  I  may  at  any  time  during 
the  course  of  this  project  revoke  my  consent,  and  withdraw 
from  the  project  without  prejudice. 

I  FULLY  UNDERSTAND  THAT  I  AM  MAKING  A  DECISION  WHETHER  OR 
NOT  TO  PARTICIPATE.  MY  SIGNATURE  INDICATES  I  HAVE  DECIDED 
TO  PARTICIPATE  HAVING  READ  THE  INFORMATION  PROVIDED  ABOVE. 

AM 

_ PM 

Signature  Date  Time 


I  was  present  during  the  explanation  referred  to  above,  as 
well  as  the  volunteer's  opportunity  for  questions,  and 
hereby  witness  the  signature. 


Signature  Date 


I  have  briefed  the  volunteer  and  answered  questions  con¬ 
cerning  the  research  project. 


Signature 


Date 
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APPENDIX  D 


DARK  ADAPTATION  CURVES 
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APPENDIX  E 

SQUARE  WAVE  SPATIAL  FREQUENCY  GRAPHS 
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APPENDIX  F 
TASK  3 

RESPONSE  DATA 
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APPENDIX  G 
TASK  4 

COMFORT  DATA 
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COMFORT  TEST 


Subject 

EL 

INC 

X 

SD 

X 

SD 

1 

20.56 

0.0 

34.82 

0.703 

2 

6.17 

2.59 

14.32 

9.62 

3 

19.05 

0.130 

24.12 

0.726 

4 

17.70 

3.69 

20.68 

6.35 

5 

3.13 

1.51 

4.47 

2.99 

6 

16.16 

2.26 

24.45 

8.02 

7 

5.33 

2.96 

5.80 

3.49 

8 

0.6265 

0.230 

0.8093 

0.274 

9 

0.4335 

0.153 

0.4399 

0.188 

10 

X 

17.35 

10.65 

2.58 

25.47 

15.54 

2.46 

SD 

8.19 

12.08 

NOTE: 

All 

values  are 

in  10”3  ftL. 

Subject  7's  data  not  included  in  the 
statistical  analysis. 
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APPENDIX  H 

SUMMARY  OF  ANOVA  TABLES 
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ONE-WAY  ANOVAS  WITH  REPEATED  MEASURES 
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ONE-WAY  ANOVAS  WITH  REPEATED  MEASURES 
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ONE-WAY  ANOVAS  WITH  REPEATED  MEASURES 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 
ABSOLUTE  THRESHOLD  10  CPD 
FORMAT  -  (3F5.2) 

LEVELS  OF  FACTORS:  00003000 

MAX  OBS/CELL:  8  UNEQUAL  N  SWITCH:  0 

PRINT  MEANS  SWITCH:  1  PRINT  DATA  SWITCH:  0 

***SUMS  OF  SQUARES*** 

22.679 

GRAND  MEAN 

15.221 

26.874 

25.941 

J 

SUM  OF  SQUARES  =  670.850 

*S 

SUM  OF  SQUARES  =  10020.707 

J  *S 

SUM  OF  SQUARES  =  3940.765 

ERROR  TERMS 

SUMS  OF  SQUARES  MEAN  SQUARE  DF 

1  10029.71  1431.53  7 

2  3940.76  281.48  14 

SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARES 

J  670.85  335.43 

DF  ERROR  F-  RATIOS 

2  2  1.192 

TOTAL  SUM  OF  SQUARES  =  14632.321 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 

ABSOLUTE  THRESHOLD  10  CPD,  BEFORE  VS  AFTER  INC 
FORMAT  =  (2F5.2) 

LEVELS  OF  FACTORS:  00002nnn 


MAX  OBS/CELL:  8 

PRINT  MEANS  SWITCH:  1 

***SUMS  OF  SQUARES*** 

20.581 

GRAND  MEAN 

15.221 

25.941 

J 

SUM  OF  SQUARES  = 

*S 

SUM  OF  SQUARES  = 

J  *S 

SUM  OF  SQUARES  = 


UNEQUAL  N  SWITCH: 
PRINT  DATA  SWITCH; 


0 

0 


459.674 

5232.998 

2906.692 


ERROR  TERMS 


1 

2 


SUMS  OF  SQUARES 

5233.00 

2906.69 


MEAN  SQUARE 

747.57 

415.24 


DF 

7 

7 


SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARES 

3  459.67  459.67 

DF  ERROR  F-  RATIOS 

1  2  1.107 

TOTAL  SUM  OF  SQUARES  =  8599.364 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 


by 

William  A.  Leaf 

ABSOLUTE  THRESHOLD  10  CPD,  BEFORE  VS  AFTER  EL 
FORMAT  =  (2F5.2) 


LEVELS  OF  FACTORS:  000 


MAX  OBS/CELL:  8 

PRINT  MEANS  SWITCH:  1 

***SUMS  OF  SQUARES*** 

21.047 

GRAND  MEAN 

15.221 

26.874 


UNEQUAL  N  SWITCH:  0 

PRINT  DATA  SWITCH:  0 


SUM  OF  SQUARES  = 
*S 

SUM  OF  SQUARES  = 
J  *S 

SUM  OF  SQUARES  = 


ERROR  TERMS 


543.123 

7873.429 

2334.401 


SUMS  OF  SQUARES  MEAN  SQUARE 


1 

2 


7873.43 

2334.40 


1124.78 

333.49 


DF 

7 
7 

SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARI 

J  543.12  543.12 

DF  ERROR  F-  RATIOS 

1  2  1.629 

TOTAL  SUM  OF  SQUARES  =  10750.953 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 

ABSOLUTE  THRESHOLD  10  CPD,  EL  VS  INC 
FORMAT  =  (2F5.2) 

LEVELS  OF  FACTORS;  00002nnn 


MAX  OBS/CELL:  I 

PRINT  MEANS  SWITCH;  ; 

**  *SUMS  OF  SQUARES*** 

26.407 

GRAND  MEAN 

26.874 

25.941 

J 

SUM  OF  SQUARES  = 

*S 

SUM  OF  SQUARES  = 

J  *S 

SUM  OF  SQUARES  = 


UNEQUAL  N  SWITCH; 
PRINT  DATA  SWITCH; 


0 

0 


3.478 

8905.366 

670.051 


ERROR  TERMS 


1 

2 


SUMS  OF  SQUARES 

8905.37 

670.05 


MEAN  SQUARE  DF 

1272.20  7 

95.72  7 


SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARES 

J  3.48  3.48 

DF  ERROR  F-  RATIOS 

-  1  2  .036 
TOTAL  SUM  OF  SQUARES  =  9578.896 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 
GRATING  THRESHOLD  10  CPD 
FORMAT  =  (3F5.3) 

LEVELS  OF  FACTORS:  00003000 

MAX  OBS/CELL:  9  UNEQUAL  N  SWITCH:  0 

PRINT  MEANS  SWITCH:  1  PRINT  DATA  SWITCH:  0 

** *SUMS  OF  SQUARES*** 

8.394 

GRAND  MEAN 

10.429 

7.773 

6.979 

J 

SUM  OF  SQUARES  =  58.781 

*S 

SUM  OF  SQUARES  =  391.362 

J  *S 

SUM  OF  SQUARES  =  220.706 

ERROR  TERMS 


SUMS  OF 

SQUARES 

MEAN  SQUARE 

DF 

1 

391.36 

48.92 

8 

2 

220.71 

13.79 

16 

SOURCES  OF 

VARIANCE 

SUMS  OF 

SQUARES  MEAN 

SQUARES 

J  58.78  29.39 

DF  ERROR  F-  RATIOS 

2  2  2.131 

TOTAL  SUM  OF  SQUARES  =  670.848 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 


GRATING  THRESHOLD  10  CPD, 

FORMAT  =  (2F5.3) 

LEVELS  OF  FACTORS:  0  0 

MAX  OBS/CELL:  9 

PRINT  MEANS  SWITCH:  1 

***SUMS  OF  SQUARES*** 


BEFORE  VS  AFTER  INC 

0  0  2  0  0  0 

UNEQUAL  N  SWITCH:  0 

PRINT  DATA  SWITCH:  0 


8.704 

GRAND  MEAN 

10.429 

6.979 

J 

SUM  OF  SQUARES  =  53.575 

*S 

SUM  OF  SQUARES  =  285.187 

J  *S 

SUM  OF  SQUARES  =  151.248 

ERROR  TERMS 

SUMS  OF  SQUARES  MEAN  SQUARE  DF 

1  285.19  35.65  8 

2  151.25  18.91  8 

SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARES 

J  53.58  53.58 

DF  ERROR  F-  RATIOS 

1  2  2.834 

TOTAL  SUM  OF  SQUARES  =  490.011 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 

GRATING  THRESHOLD  10  CPD,  BEFORE  VS  AFTER  EL 
FORMAT  =  (2F5.3) 

LEVELS  OF  FACTORS {  00002000 

MAX  OBS/CELL:  9  UNEQUAL  N  SWITCH:  0 

PRINT  MEANS  SWITCH:  1  PRINT  DATA  SWITCH:  0 

***SUMS  OF  SQUARES*** 

9.101 

GRAND  MEAN 

10.429 

7.773 

J 

SUM  OF  SQUARES  =  31.760 

*S 

SUM  OF  SQUARES  =  273.571 

J  *S 

SUM  OF  SQUARES  =  177.087 

ERROR  TERMS 

SUMS  OF  SQUARES  MEAN  SQUARE  DF 

1  273.57  34.20  8 

2  177.09  22.14  8 

SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARES 

J  31.76  31.76 

DF  ERROR  F-  RATIOS 

1  2  1.435 

TOTAL  SUM  OF  SQUARES  =  482.418 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 


by 

William  A.  Leaf 


GRATING  THRESHOLD  10  CPD,  EL  VS  INC 
FORMAT  =  (2F5.3) 

LEVELS  OF  FACTORS:  00002000 

MAX  OBS/CELL:  9  UNEQUAL  N  SWITCH:  0 

PRINT  MEANS  SWITCH:  1  PRINT  DATA  SWITCH:  0 

***SUMS  OF  SQUARES*** 

7.376 

GRAND  MEAN 

7.773 

6.979 


J 

SUM  OF  SQUARES  =  2.835 


*S 

SUM  OF  SQUARES  =  334.319 

J  *S 

SUM  OF  SQUARES  =  2.723 


ERROR  TERMS 

SUMS  OF  SQUARES 

1  334.32 

2  2.72 


MEAN  SQUARE 

41.79 

.34 


DF 

8 

8 


SOURCES  OF  VARIANCE  SUMS  OF  SQUARES 

J  2.84 


MEAN  SQUARES 
2.84 


DF  ERROR 

1  2 

TOTAL  SUM  OF  SQUARES  = 


F-  RATIOS 
8.331 
339.877 
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GRATING  RESOLUTION  THRESHOLD  10  CPD 


INC  VS  EL 
SIEGEL-TUKEY  TEST 

TEST  Hq:  VAR (INC)  =  VAR(INC)  =  VAR (EL)  a  =  0.05 

Ha:  VAR (INC)  ?  VAR (EL) 

Rank  the  scores  as  follows: 


INC 

EL 

Rank 

2.64 

1 

2.73 

4 

37.21 

5 

38.64 

8 

41.12 

9 

41.93 

12 

47.73 

13 

53.81 

16 

57.27 

17 

76.66 

18 

88.39 

15 

90.93 

14 

95.58 

11 

109.43 

10 

124.38 

7 

138.73 

6 

139.64 

3 

140.84 

2 

YINC  =4+5+8+13+16+15+1+7+3  =82 

TINC  =  (10)  (10)  +  ~ -2  (11)  -  82  =  73 


T 

EL 

=  100  -  73 

=  27 

U 

=  Min  (T  T  ) 

V1EL  INC; 

=  27 

Z.05  = 


Za  =  Z . 025  =  i-96 


1 

2 


(10(10)  +  1  -  1.96  ^  qO+J-O+l)  j  =  24  5? 


27  ^  24.57  ..  cannot  reject  H_  and  conclude  the  variances 
are  equal. 
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COMPORT  TEST 
ANOVA  TABLE 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA  PROGRAM 

by 

William  A.  Leaf 


COMFORT  TEST 
FORMAT  =  (2F6.4) 

LEVELS  OF  FACTORS:  00002000 

MAX  OBS/CELL:  9  UNEQUAL  N  SWITCH:  0 

PRINT  MEANS  SWITCH:  1  PRINT  DATA  SWITCH:  0 

***SUMS  OF  SQUARES*** 

13.931 

GRAND  MEAN 

16.620 

11.242 


J 

SUM  OF  SQUARES  ■  130.138 


*S 

SUM  OF  SQUARES  =  1690.040 

J  *S 

SUM  OF  SQUARES  =  90.284 

ERROR  TERMS 


SUMS  OF  SQUARES  MEAN  SQUARE  DF 

1  1690.04  211.26  8 

2  90.28  11.29  8 

SOURCES  OF  VARIANCE  SUMS  OF  SQUARES  MEAN  SQUARES 

J  130.14  130.14 


DF  ERROR 

1  2 

TOTAL  SUM  OF  SQUARES  = 


F-  RATIOS 
11.531 
1910.462 
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ELECTROLUMINESCENT  LIGHTING  AND  OTHER  TECHNIQUES  FOR 
IMPROVING  NIGHT  VISION  GOGGLES  COMPATIBILITY  WITH  COCKPIT 
DISPLAYS 

By 

H.  L.  Task,  Ph.D. 

L.  L.  Griffin 
AFAMRL/HEF 

Wr ight-Patter son  AFB 
Dayton,  OH  45433 
USA 

SUMMARY 


Standard  night  lighting  for  most  aircraft  cockpits  results  in  a  lighting  configuration  that  is  not 
compatible  with  the  use  of  night  vision  goggles.  One  specific  example  discussed  in  this  paper  is  the  US 
Air  Force  PAVE  LOW  III  helicopter;  a  modified  version  of  the  HH-53H.  Both  wavelength  and  geometric  light 
control  techniques  were  developed  and  applied  to  this  cockpit  to  make  it  compatible  with  the  night  vision 
goggles.  A  combination  of  light  control  film  ( 3-M  micro-louvre ) ,  color  filters,  infra-red  blocking  filters, 
electroluminescent  light  and  anti-flare  baffles  were  used  to  successfully  retrofit  the  cockpit  for  night 
vision  goggle  use.  In  addition,  some  of  the  techniques  are  applicable  to  reducing  windscreen  reflection, 
thus,  improving  unaided  night  vision  through  the  windscreen. 

1.  INTRODUCTION 

The  work  described  in  this  paper  was  done  in  support  of  the  US  Air  Force  PAVE  LOW  III  helicopter.  The  PAVE 
LOW  III  is  a  modified  version  of  the  HH-53H  helicopter  (see  Figure  1).  The  modifications  included 


a  moveable  infra-red  imaging  sensor  mounted  to  the  forward  nose  section  and  a  radar  altimeter  to  allow  night 
and  adverse  weather  low  level  flight.  These  and  other  modifications  were  done  to  facilitate  the 
helicopter's  night/day  air  rescue  mission.  After  delivery  of  the  initial  aircraft,  a  decision  was  made  to 
use  night  vision  goggles  to  obtain  lower  night  flying  capability.  Unfortunately,  the  cockpit  lighting  and 
displays  were  not  originally  designed  for  night  vision  goggle  compat ibi 1 i ty .  The  authors  were  requested  to 
assist  in  developing  techniques  to  reconfigure  the  cockpit  lighting  to  alleviate  this  problem.  The  desired 
night  flying  configuration  was  for  the  pilot  to  wear  the  night  vision  goggles  for  piloting  the  aircraft  while 
the  copilot  did  not  wear  goggles  so  that  he  could  monitor  the  aircraft  instruments  and  the  infra-red  video 
display.  In  this  configuration  it  was  impossible  to  achieve  sufficient  lighting  for  the  copilot  to  do  his 
job  while  allowing  the  pilot  to  also  do  his  job  of  viewing  outside  with  the  night  vision  goggles.  Infra¬ 
red  light  from  the  incandescent  lighting  system  and  console  displays  caused  reflections  in  the  windscreen 
and  other  scattered  light  that  made  it  impossible  for  the  pilot  to  see  outside  with  the  goggles,  even  when 
the  lights  were  turned  so  low  that  the  copilot  could  barely  see  to  do  his  job.  The  objective  of  this  effort 
was  to  develop  light  control  techniques  that  could  be  easily  retrofit  to  the  cockpit  and  would  allow  both 
crew  members  to  do  their  assigned  jobs. 

2.  LIGHT  CONTROL  TECHNIQUES 

Basically,  the  light  control  techniques  that  were  employed  fell  into  two  general  categories:  wavelength 
control  and  geometric  control.  The  wavelength  control  techniques  involve  the  judicious  use  of  various 
filters  to  separate  the  visual  sensitivity  spectrum  from  the  night  vision  goggle  sensitivity  spectrum.  The 
geometric  control  involves  the  use  of  techniques  to  direct  the  light  so  that  it  only  goes  in  desired 
directions . 

2.1  Wavelength  Control  Techniques 

The  US  Army  AN/PVS-5  night  vision  goggles  (NVGs)  are  sensitive  to  light  in  the  spectral  region  from  about 
350nm  to  900nm.  This  includes  the  visible  wavelength  region  of  ' 30nm  to  700nm  as  well  as  a  small  portion 
of  the  near  infra-*red.  Incandescent  lighting  normally  used  in  aircraft  cockpits  for  night  operations  emits 
considerable  energy  in  this  near  infra-red  band  from  700nm  to  900nm.  The  result  is  that  reflections  in  the 
aircraft  windscreen  of  instrument  lights,  that  are  annoying  to  the  unaided  eye,  render  the  NVG’s  nearly 
useless. 

The  approach  taken  by  the  authors  was  to  use  electroluminescent  lighting  and  color  filters  to  separate  the 
night  lighting  required  for  unaided  vision  from  the  sensitivity  region  of  the  modified  NVGs.  This  was  done 
by  turning  off  aLl  possible  incandescent  lamps  and  floodlighting  the  instrument  panels  with  blue-green 
filtered  electroluminescent  light.  Infra-red  transmissive  red  filters  were  placed  over  the  NVGs  to  reduce 
their  sensitivity  to  the  blue-green  light.  Since  the  e lec troluminescent  light  emits  essentially  no  energy 
in  the  infra-red,  it  makes  an  ideal  light  source  for  the  NVG  compatibility.  Figure  2  shows  the  emission 

206 


spectrum  of  the  electroluminescent  light  used  before  filtering  (upper  curve)  and  after  a  blue-green  filter 
was  used  to  “shape"  its  wavelength  output.  Similarly,  Figure  3  shows  the 


Figure  2.  Emission  spectrum  of  the  yellow-green  Figure  3.  Relative  sensitivity  spectrum 

electroluminescent  lights  without  blue-green  of  the  US  Army  second  generation 

filter  (EL-upper  curve)  and  with  filter  might  vision  goggles  without 

(EL-BB-lower  curve).  filter  (NVG2-upper  curve) 

and  with  a  red/infra-red 
transmissive  filter  (NVG2- 
AR- 1 owe r  curve ) « 

sensitivity  of  the  so-called  second  generation  NVGs  before  (upper  curve)  and  after  wavelength  filtering.  The 
result  (see  Figure  4)  is  that  the  two  wavelength  distributions  have  very  little  overlap. 


Figure  4.  Comparison  of  emission 
and  sensitivity  spectra  for 
the  electroluminescent  light  with 
blue-green  filter  (EL-BB),  the 
US  Army  second  generation  night 
vision  goggles  with  red/infra¬ 
red  filter  (NVG2-AR)  and  the  US 
Army  third  generation  night  vision 
goggles  without  filters  (NVG3) . 
Note  that  the  spectra  for  the 
filtered  EL  light  and  the 
filtered  NVG2s  barely  overlap. 


This  means  that  the  NVGs  can  easily  "see  through"  any  spurious  windscreen  reflections  that  occur  from 
the  electroluminescent  lighting. 

The  PAVE  LOW  III  cockpit  has  two  5"  by  7"  video  displays  for  presenting  infra-red  imagery  (see  Figure  5). 


Figure  5.  Front  instrument  panel  and  center 
console  of  the  PAVE  LOW  III  helicopter. 

Note  the  video  displays  located  in  front 
of  the  copilot  seats.  Light  switches  and 
instruments  on  the  center  console  are 
a  major  source  of  windscreen  reflections. 


These  displays  use  a iN  white  phosphor  and  are  normally  covered  with  a  red  filter  for  night  flying  This 
results  in  incompatibility  with  the  use  of  the  NVG's  since  the  red  filtered  displays  are  filling  thecockoit 

Tor' thl' d!ipUyt(P^)CIlndhehrG,f“u  Fi£Ure  6  Sh°”S  the  overlaP  wich  wavelength  distributions 

he  display  (P  /,)  and  the  unfiltered  NVCs .  By  using  the  same  combination  of  blue-green  filters 


Figure  6.  Comparison  of  the  emission  spectrum  of 
the  P-4  phosphor  on  the  video  displays 
and  the  sensitivity  spectrum  of  the 
night  vision  goggles  ( NVG2 ) .  Note  the 
considerable  overlap  of  these  two  curves 
out  to  and  including  the  red  region  of 
the  spectrum  (600-700nm)  used  for  con¬ 
ventional  red  light  lighting. 


Figure  7.  Comparison  of  the  some  two 

spectra  described  in  Figure  6 
but  with  appropriate  filters 
placed  over  the  display  and 
the  NVGs .  Note  that  there 
is  very  little  overlap  between 
the  two  distributions. 


described  previously,  it  is  possible  to  separate  these  two  wavelength  distributions  as  shown  in 
Figure  7. 


There  has  been  some  concern  expressed  about  using  blue-green  lighting  and  blue-green  filters  over  the 
display  from  the  standpoint  of  its  effect  on  the  dark  adaptation  state  of  the  crew  members.  It  should  be 
noted  that  the  crew  members  that  are  not  wearing  the  goggles  are  focussing  their  attention  on  the  displays 
and  instruments  inside  the  cockpit.  It  is,  therefore,  not  necesaary  for  them  to  be  absolutely  dark  adapted. 

Some  instrument  lights  in  the  cockpit  cannot  be  turned  off.  The  incandescent  infra-red  light  from  several 
of  these  lights  located  in  the  center  console  (see  Figure  5)  resulted  in  direct  reflections  in  the 
windscreens.  To  reduce  this  adverse  effect,  these  lights  were  covered  with  an  infra-red  blocking  material 
that  transmitted  most  of  the  visible  light.  This  thin  plastic  material  was  originally  developed  for  laser 
safety  goggles  but  worked  very  well  for  this  application. 

2.2  Geometric  Control  Techniques 


Geometric  control  was  accomplished  by  simply  devising  means  to  direct  the  instrument  lighting  in  desired 
directions  and  blocking  it  from  going  in  undesired  directions. 

Many  instrument  lights  consist  of  an  incandescent  lamp  with  a  diffusing  (sometimes  colored)  filter  over  the 
top  with  a  printed  legend  on  it.  This  diffusing  filter  distributes  the  light  in  all  directions,  including 
toward  the  windscreen.  This  results  in  unwanted  reflections  of  these  lights  in  the  windscreen.  To  combat 
this  problem,  a  product  developed  by  3-M  Corporation  called  micro-louvre  was  used  to  direct  the  light  away 
from  the  windscreen.  The  micro-louvre  is  a  relatively  thin  plastic  material  with  extremely  small  slats  or 
louvres  imbedded  within.  It  is  available  with  different  slat  spacing  and  orientation.  It  acts  very 
similarly  to  a  miniature  Venetian  blind. 


By  selecting  the  appropriate  angle  of  micro-louvre,  it  is  possible  to  direct  the  instrument  lights  toward 
the  aircrew  members  and  away  from  the  windscreen.  This  allows  full  viewability  of  the  instruments  and 
displays  by  the  aircrew  members  but  prevents  the  light  from  reaching  the  windscreen  and  causing  a 
reflection.  Figure  8  shows  a  laboratory  example  of  this  effect  for  visible  light.  A  back  illuminated 
lettered  text  in  the  lower  portion  of  Figure  8  was  positioned  so  that  a  reflection  of  it  could  be  seen  in 
a  thin  piece  of  clear  plastic  (windscreen)  in  the  upper  portion  of  Figure  8.  A  small  section  of  micro-louvre 
set  for  a  30  angle  was  placed  on  the  lettered  text  so  that  it  directs  the  light  toward  the  louvres  and 
away  from  the  windscreen.  Note  that  it  is  difficult  to  see  through  the  windscreen  in  the  area  of  the 
reflection  except  for  the  rectangular  area  covered  by  the  micro-louvre.  This  technique  was  used 
considerably  throughout  the  PAVE  LOW  III  cockpit. 
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Figure  8.  Laboratory  example  of  the  effectiveness  of 
the  3-M  Corporation  micro -louvre  in  directing  the 
light  from  display  screens.  The  lower  part  of  the 
photograph  shows  a  back  illuminated  screen  with  a 
rectangular  piece  of  micro— louvre  placed  over  the 
center  of  the  text.  The  upper  part  of  the  photograph 
shows  the  reflection  of  the  text  in  a  sheet  of  plastic 
simulating  a  windscreen.  A  background  scene  consisting 
of  buildings  and  cars  in  a  parking  area  is  easily  visible 
except  for  where  the  display  reflection  washes  it  out. 

But  the  area  of  the  text  display  covered  by  the  micro- 
louvre  does  not  reflect  in  the  windscreen,  permitting 
easy  visibility  of  the  outside  scene.  Note  also  that 
there  is  no  detrimental  effect  caused  by  the  micro-louvre 
in  reading  the  text  display  in  the  lower  portion  of  the 
photograph. 


Figure  9.  US  Army  second  generation 
night  vision  goggles 
with  anti-flare  baffle 
(lower  right). 


A  second  geometric  control  technique  was  to  attach  a  small  flare  baffle  to  the  objective  lens  housing  of,  the 
night  vision  goggles,  Hiese  baffles  (see  Figure  9)  reduced  the  flare  produced  in  the  objective  lens  caused 
by  relatively  bright  light  sources  outside  of  the  field  of  view  of  the  goggles.  The  baffles  also  made  a 
convenient  mounting  location  for  the  red/infra-red  filters  previously  mentioned. 

The  final  light  control  technique  was  a  recommendation  that  the  flight  crews  wear  black  or  dark  infra-red 
absorbing  clothing  and,  to  a  maximum  degree,  the  interior  of  the  cockpit  be  painted  with  a  black-matte 
finish.  The  geometry  of  the  cockpit  was  such  that  the  pilot  and  copilot  could  see  a  reflection  of  their 
knees  in  the  windscreen.  Xn  other  cockpit  configurations,  i .  e . ,  C— 130  aircraft,  many  of  which  have  a  cream 
colored  control  column,  the  light  colored  objects  are  clearly  reflected  in  the  windscreen  at  low  (one 
quarter  foot-Lambert)  ambient  light  conditions.  By  reducing  the  stray  light  in  the  cockpit  and  minimizing 
£he  reflectance  coefficient  of  the  clothing,  this  reflection  source  was  considerably  reduced. 

3.0  EVALUATION  OF  LIGHT  CONTROL  TECHNIQUES  IN  THE  PAVE  LOW  III  HELICOPTER  COCKPIT 

All  of  the  previously  discussed  light  control  techniques  were  installed  in  the  cockpit  of  a  PAVE  LOW  III 
helicopter  for  evaluation.  Several  instructor  pilots  viewed  the  modified  cockpit  and  provided  a  critical 
assessment.  In  general,  the  comments  concerning  the  modifications  were  extremely  positive.  Reflections  in 
the  windscreen  were  greatly  reduced,  even  for  the  visible  spectrum,  which  improved  outside  visibility  for 
both  the  copilot  (without  the  goggles)  and  the  pilot  (with  the  goggles).  It  was  not  possible  to  make 
photometric  measurements  of  the  improvements  because  of  the  relatively  low  light  levels  involved.  However, 
photographs  were  taken  to  document  the  improvements .  Figure  10  shows  a  picture  taken  through  the  night 
vision  goggles  of  the  forward  field  of  view  of  an  unmodified  cockpit.  The  lower  row  of  lights  are  runway 
lights  seen  outside.  Hie  collection  of  lights  in  the  upper  portion  of  the  picture  is  from  reflections 


Figure  10.  Photograph  taken  through  the  night  vision 
goggles  of  the  forward  field  of  view  seen 
from  an  unmodified  PAVE  LOW  III  cockpit. 
The  lower  row  of  lights  are  runway 
lights  from  a  nearby  airstrip 
The  upper  secton  of  lights  are  reflec¬ 
tions  in  the  windscreen  from  the  center 
console.  Note  that  some  of  the  reflec¬ 
tions  are  as  intense  as  some  of  the 
runway  lights. 


Figure  11.  Photograph  taken  through  the 
night  vision  goggles  of  the 
light  control  modified  cockpit 
Note  the  absence  of  reflec¬ 
tions  except  for  two  minor 
light  leaks  reflected 
from  the  center  console.  The 
rectangular  strips  of  light 
toward  the  lower  part  of  the 
photograph  are  the  electro¬ 
luminescent  lights  mounted 
under  the  glare  shield  to 
illuminate  the  forward 
instrument  panel. 


of  center  console  instruments  in  the  windscreen.  Note  that  the  intensity  of  some  of  these  reflections  is 
comparable  to  the  outside  runway  lights.  For  comparison.  Figure  11  shows  the  forward  view  out  of  a 
helicopter  cockpit  that  was  modified  with  the  light  control  techniques.  Except  for  two  small  reflections 
caused  by  inadequately  covered  instrument  lights,  the  view  is  clear  of  unwanted  reflections.  With  the 
reflections  gone,  the  night  vision  goggles'  gain  was  increased  to  a  level  that  it  was  possible  to  see  the 
sky  glow  of  a  nearby  city  that  was  masked  in  the  view  from  the  unmodified  cockpit. 


4.0  CONCLUSIONS  AND  RECOMMENDATIONS 


The  light  control  concepts  discussed  in  this  paper  were  quite  successful  in  providing  lighting  conditions 
compatible  with  the  use  of  night  vision  goggles.  However,  several  problems  still  exist  in  developing 
materials  and  installation  techniques  that  will  be  suitable  for  aircraft  retrofit.  It  is  extremely 
difficult  to  locate  electroluminescent  floodlighting  to  adequately  illuminate  all  areas  requiring  illumi¬ 
nation  without  involving  expensive  modifications  to  the  cockpit  lighting.  It  is  considerably  easier  to 
provide  for  electroluminescent  lighting  when  designing  the  original  cockpit  than  to  devise  acceptable  ways 
to  retrofit  this  lighting  in  the  cockpit.  The  micro-louvre  does  an  excellent  job  of  directing  the  light  as 
desired  but  it  is  unfortunately  cast  in  a  relatively  soft  plastic  that  is  susceptible  to  both  warping  from 
heat  and  loss  of  effectiveness  from  scratching  and  wear.  It  would  be  highly  desirable  to  develop  a  tougher 
version  of  the  micro-louvre,  but  as  of  this  writing,  there  are  no  known  efforts  in  effect  to  do  this.  The 
laser  safety  material  used  for  blocking  the  infra-red  radiation  from  critical  incandescent  instrument 
lights  needs  to  be  improved  to  pass  more  visible  light  in  the  red  region  (630nm)  and  to  block  the  light 
better  toward  the  far  red  and  infra-red  region  (650nm  to  900nm) .  Use  of  the  material  over  red  warning  lights 
reduced  the  visible  level  to  a  degree  which  rendered  them  unsatisfactory  for  daytime  use  in  the  helicopter. 
With  the  indicated  needed  improvements,  this  problem  should  be  alleviated. 

Even  with  these  shortcomings  from  the  materials  standpoint,  interest  and  work  in  this  light  control  area  for 
night  vision  goggle  compatibility  is  progressing  rapidly.  Other  USAF  aircraft  that  have  been  modified  and 
tested  with  these  light  control  techniques  are  the  UH-1N  and  HH-53C  rotary  wing  aircraft  for  MAC/ AAR S  (Air 
Rescue  and  Recovery  Service)  and  two  special  mission  C-130E/H  fixed  wing  aircraft  for  TAC.  In  all  cases, 
the  wavelength  separation  and  light  control  techniques  were  pursued,  as  appropriate  to  the  individual 
cockpit  configuration  and  aircraft  mission,  with  very  good  to  excellent  results  through  ground  evaluation 
and  flight  test. 

Yet  to  be  tested  is  an  all  electroluminescent  lighting  system  for  the  interior  and  exterior  of  six  A-10 
single  seat  attack  aircraft  for  TAC.  NVG  compatibility  is  not  a  requirement  with  these  ten  aircraft, 
rather,  a  complete  emphasis  on  unaided  night  visibility  inside  the  cockpit  and  through  the  transparencies 
and  improved  lighting  for  formation  flying  and  night  refueling  is  needed. 
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Task*  H,  L.,  and  L,  L.  Griffin.  PA  VE  LOW  til;  Interior  lighting 
reconfiguration  for  night  lighting  and  night  vision  goggle  compatibility . 
Aviat  Space  Environ.  Med.  53(1 2);  1 162-1 165,  1982, 

Th»  ^AV*  LOW  111  aircraft  U  a  modified  HH-53H  helicopter  that 
ha*  a  lew  altitude— below  30.43  m  (100  ft}— nfght/day  rescue 
mission.  The  desired  night  flying  configure t ion  Is  for  the  pilot  to 
wear  night  vision  gogglos  {NVGs)  to  fly  tho  aircraft  while  the 
copilot,  without  NVGs,  observe,  the  video  display  and  monitors 
the  aircraft  instrument*.  The  problems  of  NVG  incompatibility 
in  tho  cockpit  were  successfully  countered  using  several  light 
control  techniques.  The  light  control  modifications  were  evaluated 
on  tho  ground  In  the  PAVf  LOW  111  hefkopfer  at  Kirfkmd  Art  in 
1 V30,  by  PAVE  LOW  instructor  pilots.  Tho  evaluation  results 
were  extremely  positive. 


T^HE  PAVE  LOW  III  aircraft  is  a  modified  version 
A  of  the  HH-53H  helicopter.  Its  primary  mission  is 
day/night  air  rescue.  The  mission  profile  of  this  aircraft 
is  to  fly  extremely  low  for  day/night  search  and  rescue 
of  downed  pilots.  The  original  PAVE  LOW  III  modi¬ 
fications  included  a  forward-looking  infrared  (FLIP) 
imaging  sensor  mounted  on  a  moveable  gimbal  at  the 
forward  section  of  the  aircraft.  This  FLIR  provided  night, 
infrared  imagery  via  two  5  X  7  in  cathode  ray  tubes 
(CRTs)  mounted  in  the  instrument  panel  in  front  of  the 
pilot  and  copilot.  Additionally,  to  support  night  and 
adverse  weather  navigation,  a  radar  altimeter  and  terrain 
avoidance/terrain  following  radar  was  installed.  How¬ 
ever,  as  the  PAVE  LOW  III  aircraft  was  undergoing 
acceptance  testing  and  required  participation  in  Red 
Flag  *79  tactical  air  combat  exercise,  the  requirement 
for  low-altitude  flight  was  extended  beyond  the  design 
capabilities  of  the  radar.  It  was  felt  by  those  familiar 
with  the  helicopter  that  lower  altitudes  could  be  achieved 


The  research  reported  in  this  paper  was  conducted  by  personnel  of 
the  Air  Force  Aerospace  Medical  Research  Laboratory.  Reprints  of 
this  article  are  identified  by  Air  Force  Aerospace  Medical  Research 
Laboratory  as  AFAMRL-TR-82-3. 


at  night  if  the  pilot  used  the  U.S.  Army  developed,  sec¬ 
ond-generation  night  vision  goggles  (NVGs). 

In  initial  tests  with  the  night  vision  goggles,  it  was 
determined  that  the  interior  lighting  for  night  flight  in¬ 
terfered  severely  with  their  useful  operation.  The  night 
illumination,  even  adjusted  to  a  low  level,  emits  con¬ 
siderable  energy  in  the  near  infrared,  where  the  NVGs 
are  most  sensitive.  A  first  attempt  to  reduce  this  problem 
was  conducted  by  the  PRAM  (Productibility,  Reliability, 
Availability,  Maintainability)  PO  (Program  Office)  at 
Wright-Patterson  AFB  in  cooperation  with  the  Military 
Airlift  Command  (MAC)  and  the  Air  Rescue  and  Re¬ 
covery  Service  (ARRS).  This  initial  test  involved  turning 
off  all  possible  interior  lights  and  floodlighting  the  in¬ 
strument  panel  with  yellow-green  electro-luminescent 
lighting.  Electro-luminescent  (E-L)  light  emits  almost 
all  of  its  energy  in  the  visible  region  and,  essentially, 
none  in  the  infrared.  This  “cold  light”  effect  makes  the 
E-L  light  much  more  compatible  with  the  use  of  NVGs 
than  the  traditional  incandescent  lighting. 

At  a  meeting  late  in  1979,  the  authors  were  asked  by 
PRAM  and  MAC  to  address  the  problem  of  making  the 
interior  lighting  of  the  PAVE  LOW  III  helicopter  com¬ 
patible  with  the  use  of  the  NVGs.  The  desired  operating 
condition  was  for  the  pilot  to  wear  the  NVGs  to  fly  the 
helicopter  while  observing  the  outside  world,  and  for 
the  copilot  to  monitor  the  FLIR  video  display  and  the 
aircraft  instruments.  Thus  the  fundamental  problem  was 
to  design  a  means  of  lighting  such  that  the  copilot  had 
sufficient  light  to  monitor  the  cockpit  instruments  but 
insure  that  the  lighting  did  not  interfere  with  the  pilot’s 
N  VGs.  A  review  of  the  aircraft  interior  lighting  and  the 
windscreen/instrument  geometry  revealed  two  sources 
of  lighting  difficulty.  First,  several  illuminated  instru¬ 
ments  on  the  center  and  overhead  console  reflected  di¬ 
rectly  in  the  windscreen  from  the  pilot’s  and  copilot’s 
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eye  positions  as  well  as  the  flight  engineer’s  nominal  eye 
position.  This  problem  makes  night  flight,  even  without 
the  NVGs,  difficult  and  distracting  and  almost  totally 
disallowed  the  use  of  NVGs.  Second,  the  stray  light  in 
the  cockpit  illuminated  other  surfaces  (like  the  pilot’s 
knees  and  hands)  such  that  their  reflections  in  the  wind¬ 
screen  were  highly  visible  and  distracting  when  using 
the  NVGs.  To  improve  the  NVG  utility,  it  was  necessary 
to  eliminate  the  direct  reflecting  sources  and  reduce  or 
control  the  scattered  light. 

APPROACH 

Several  lighting  and  light  control  techniques  were  rec¬ 
ommended  to  alleviate  the  NVG  incompatibility  prob¬ 
lem: 

1.  Use  blue-green  E-L  flood-lighting  and  turn  off  all 
possible  incandescent  lamp  sources. 

2.  Use  blue  filters,  instead  of  red,  over  the  CRT  dis¬ 
play  and  place  a  red  filter  over  the  NVGs. 

3.  Use  light  baffles  to  control  stray  light. 

4.  Use  anti-flare  baffles  on  NVGs  to  reduce  flare. 

5.  Use  flat-black  flight  clothing  and  helmets  to  reduce 
stray  light  and  reflections. 

As  a  result  of  the  meeting  with  MAC  and  PRAM,  the 
authors  were  requested  to  implement  the  above  rec¬ 
ommendations  on  a  PAVE  LOW  III  helicopter  for  a 
full-up  ground  evaluation.  The  following  sections  de¬ 
scribe  each  of  these  recommendations  in  detail. 

Electro- Luminescent  Flood  Lighting:  The  main  reason 
for  using  E-L  light  is  that,  unlike  incandescent  lighting, 
it  emits  little  or  no  light  in  the  near  infrared  region  (4). 
The  NVGs  are  highly  sensitive  to  light  from  about  450- 
850  mm  wavelength  (1,2).  By  limiting  the  interior  light¬ 
ing  to  blue-green  visible  wavelengths  only,  considerable 
adverse  interaction  between  the  lighting  system  and  the 
NVGs  was  eliminated. 


Fig.  1.  Wavelength  emission  spectrum  of  the  electro  luminescent 
lamp  without  filter  (E-L)  and  with  a  blue  filter  (M). 


Fig.  1  shows  the  emission  spectrum  of  the  E-L  lamps 
used.  The  upper  curve  is  the  E-L  lamp  without  filter 
and  the  lower  curve  shows  the  lamp  with  a  blue  filter 
(BB)  used  to  shift  the  peak  of  the  emission  spectrum 
further  into  the  blue  region. 

The  E-L  lamps  were  placed  under  the  glare  shield  to 
illuminate  the  front  instrument  panel  and  center  console. 
They  were  also  placed  on  the  backs  of  the  pilot’s  and 


copilot’s  seats,  directed  upwards,  to  illuminate  the  over¬ 
head  panels.  It  was  not  possible  under  the  constraints 
placed  on  this  retrofit  (no  holes  drilled  or  permanent 
modifications  allowed)  to  properly  illuminate  the  far 
forward  section  of  the  overhead  panels  or  the  rear  section 
of  the  center  console.  Thus  to  provide  a  means  of  “port¬ 
able”  illumination,  and  E-L  light  wand  was  provided 
that  the  copilot  could  use  for  map  reading  or  close-up 
instrument  tasks,  such  as  setting  radio  frequencies.  In 
an  ideal  situation,  these  areas  would  be  locally  illumi¬ 
nated  with  E-L  light  built  into  the  instrument  or  its 
immediate  surround. 

Blue/Red  Filters:  The  CRT  FLIR  displays  on  the  hel¬ 
icopter  use  a  P-4  white  phosphor.  Although  this  emits 
no  infrared  light,  it  does  emit  over  the  full  visible  region. 
The  standard  night  operation  required  the  white  CRT 
screen  to  be  covered  with  a  red  filter.  This  left  a  display 
emission  spectrum  in  the  visible  region  from  about  600- 
650  nm.  This  spectrum  is  in  the  center  of  the  sensitivity 
region  of  the  NVGs.  Fig.  2  shows  the  relative  sensitivity 


Fig.  X  Composition  of  fho  display  P-4  phosphor  spoctrum  and 
the  night  vision  gogglo  (NVG  2)  sensitivity  curves. 


of  the  second  generation  night  visions  goggles  (NVG2) 
compared  with  the  emission  spectrum  of  the  P-4  phos¬ 
phor. 

By  using  a  blue  filter  (BB)  over  the  P-4  phosphur 
screen,  it  is  possible  to  shift  the  peak  of  the  emission 
spectrum  toward  the  blue,  where  the  NVG  is  not  quite 
as  sensitive.  This  still  results  in  considerable  overlap. 
To  reduce  the  overlap  still  further,  a  red  plastic  filter 
that  was  also  highly  transmissive  in  the  near  infra-red 
was  placed  over  the  NVGs.  This  resulted  in  the  curves 
shown  in  Fig.  3.  Under  these  conditions,  the  emission 
of  the  display  and  the  sensitivity  of  the  NVG  have  almost 
no  overlap,  thus  effectively  eliminating  the  interference 
of  the  display  with  proper  operation  of  the  NVGs  (3). 
The  red/infrared  filter  over  the  NVGs  also  significantly 
reduced  the  sensitivity  of  the  NVG  to  the  blue-green 
E-L,  thereby  eliminating  that  source  of  interference. 

The  red/infrared  filter  reduces  the  overall  sensitivity 
of  the  NVGs.  However,  since  most  of  the  natural  night 
illumination  is  in  the  near  infrared  i.e.  800-1000  nm, 
the  effective  reduction  in  night  sensitivity  is  relatively 
small. 

Baffles  for  Light  Control:  It  is  not  possible  to  turn  off 
all  incandescent  lights  in  the  cockpit  since  some  are 
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f  l«-  3.  Comparison  of  P-4  phosphor  with  Mvo  filtor  and  night 
vision  goggla  sensitivity  with  red  filter.  Note  lack  of  overlap. 

required  instrument  status  lights.  Several  such  lights 
were,  unfortunately,  located  in  the  center  console.  Most 
of  the  center  console  was  directly  visible  in  the  wind¬ 
screen  due  to  the  reflection  geometry.  To  control  these 
reflections,  a  material  developed  by  3-M  Corp.  was  ap¬ 
plied  wherever  possible.  This  material,  called  Micro- 
Louver  (ML),  is  like  a  miniature  Venetian  blind  cast  in 
a  thin  plastic  layer.  It  is  about  1/16-in.  thick  and  can 
be  obtained  in  various  configurations.  By  varying  the 
“slat”  spacing  and  tilt,  the  fan  of  light  that  is  allowed 
through  the  material  can  be  controlled.  The  material 
comes  in  three  “fan  widths”  of  48*,  60%  and  90%  and 
several  tilt  angles:  0%  18%  30*,  and  45*.  The  tilt  angle 
refers  to  the  direction  with  respect  to  the  vertical.  Thus 
a  48*  fan  at  0"  tilt  results  in  a  48*  light  distribution  spread 
that  is  emitted  vertically,  with  respect  to  surface  of  ma¬ 
terial. 

By  placing  appropriately  chosen  ML  sections  over  the 
lights  and  displays,  the  light  can  be  directed  away  from 
the  windscreen  toward  the  pilot,  copilot,  and  flight  en¬ 
gineer.  This  reduces  or  eliminates  the  direct  reflection 
of  instruments  in  the  windscreen.  Fig.  4  shows  a  section 
of  ML  that  is  a  48*  fan,  0*  tilt  mounted  over  a  vugraph. 
Note  the  clarity  of  the  vugraph  beneath  the  ML.  Fig.  5 


fig*  4.  IN  43*  fan,  (T  tfit  micro  ■iouvr  vbtwod  dlroctty. 


Fig.  3.  Tho  48*  Ian,  0*  tilt  micro-fouvar  vitwtd  from  an  angla 
of  about  60*. 


shows  this  same  vugraph  and  material,  but  from  a  dif¬ 
ferent  angle.  The  vugraph  light  has  been  directed  in  a 
fan  upward. 

This  technique  of  using  ML  baffles  was  successfully 
employed  over  several  indicator  lamps  and  displays  in¬ 
cluding  the  incandescent  lamp  illuminated  moving  map 
display  located  in  the  center  console.  The  ML  was  ori¬ 
ented  to  provide  a  horizontal  fan  of  light  directed  away 
from  the  forward  windscreen  toward  the  pilot,  copilot, 
and  flight  engineer  positions. 

Although  this  technique  was  highly  successful  for  the 
visible  light  reflections,  it  was  not  totally  successful  with 
the  IR  reflections.  The  ML  plastic  was  partially  trans¬ 
missive  in  the  IR,  and  IR  from  the  lamps  was  so  strong 
that  it  caused  scattering  within  the  ML  material.  To 
combat  this  problem,  a  thin,  plastic  material  was  bor¬ 
rowed  from  the  laser  safety  industry.  The  original  pur¬ 
pose  of  this  material  was  to  provide  laser  safety  and 
protection  at  the  near  IR  wavelengths.  Thus  the  material 
passed  a  large  portion  of  the  visible  spectrum  but  ab¬ 
sorbed  light  in  the  near  IR.  This  IR-blocking  material 
(IRBM)  was  used  in  conjunction  with  the  ML  material 
to  provide  fairly  effective  control  of  both  visible  and  IR 
radiation.  The  IRBM  was  a  “Glendale  Green”  filter  ma¬ 
terial  obtained  from  Glendale  Optical  Co.  The  published 
photopic  transmissivity  of  the  IRBM  is  about  45%.  It 
does  have  a  definite  green  tint  and  affects  the  red  end 
of  the  visible  radiation  much  more  severely  than  the 
green. 

Anti-Flare  Baffles  on  NVG:  Another  source  of  stray 
light  that  can  affect  the  NVG  operation  is  caused  by 
flare.  The  NVGs  have  a  40*  field  of  view  (FOV),  1:1 
optical  imaging  system.  However,  bright  light  sources 
just  outside  of  this  FOV  can  still  illuminate  the  objective 
lens  of  the  NVG.  Although  this  illumination  is  not  im¬ 
aged  through  the  optical  system,  since  it  is  outside  the 
FOV,  it  still  scatters  in  the  lens  causing  a  veiling  lu¬ 
minance  at  the  image  plane  that  reduces  contrast.  This 
condition  can  be  partly  alleviated  by  providing  an  an¬ 
tiflare  baffle  outside  of  the  objective  lens.  The  baffle 
“shades”  the  objective  lens  from  bright  light  sources 
outside  the  FOV  and  provides  a  housing  to  mount  the 
red/IR  filters  to  the  NVGs. 

Black  Flight  Clothing:  To  further  reduce  stray  light. 
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it  was  recommended  that  the  flight  crew  wear  dark 
clothing  to  absorb  any  stray  light  instead  of  reemitting 
it.  Due  to  the  geometry  of  the  windscreen  and  pilot/ 
copilot  seats,  the  knees  and  hands  of  the  pilot/copilot 
were  reflected  and  highly  visible  in  the  windscreen  to 
the  NVG  wearer.  By  wearing  dark  clothing,  the  intensity 
of  the  reflections  was  greatly  reduced. 

GROUND  EVALUATION  RESULTS 

All  of  the  light  control  techniques  herein  described 
were  applied  to  the  PAVE  LOW  III  aircraft  and  eval¬ 
uated  by  several  instructor  pilots  during  a  day/night 
ground  evaluation.  Overall,  the  evaluation  results  were 
extremely  good.  The  copilot  had  sufficient  light  to  do 
his  job,  but  the  lighting  did  not  adversely  affect  the 
pilot’s  NVGs.  Several  specific  problems  were  identified 
by  the  evaluating  instructor  pilots. 

In  general,  the  use  of  the  IRBM  tended  to  make  some 
of  the  indicator  lights  too  dim  to  the  unaided  eye  in 
daytime.  In  particular,  the  moving  navigation  map  dis¬ 
play  was  only  marginally  acceptable  in  daytime  when 
sufficient  IRBM  was  applied  to  block  the  IR  emissions 
for  night  use.  During  the  night  evaluation,  several  other 
sources  of  incandescent  or  neon  light  IR  emissions  were 
identified  as  requiring  applications  of  the  light  control 
techniques.  These  sources  were  not  identified  originally 
because  the  other  sources  totally  masked  their  light. 
However,  with  the  original  problem  lights  effectively 
controlled,  these  “secondary”  sources  of  light  control 
problems  became  evident. 

What  need  to  be  solved  before  these  techniques  can 
be  applied  are  the  long-term  materials  problems  asso¬ 
ciated  with  the  ML  and  the  IRBM.  The  ML  is  a  soft 
plastic;  it  is  susceptible  to  scratching  and  can  be  warped 
by  the  heat  of  incandescent  lamps.  These  same  concerns 
apply  to  the  IRBM  as  well. 

If  an  aircraft  cockpit  used  E-L  panel  lighting  instead 
of  incandescent,  then  the  heat  problem  associated  with 


the  ML  application  would  be  solved.  Also,  this  would 
eliminate  the  need  for  the  IRBM  since  the  E-L  emits 
no  IR. 

An  additional  bonus  of  an  all  E-L  cockpit  light  system 
or  application  of  the  techniques  described  is  that  the 
emission  of  IR  from  the  cockpit  is  greatly  reduced  or 
eliminated.  This  should  make  the  craft  less  visible  and 
vulnerable  to  IR  sensing  and  seeking  devices. 

CONCLUSIONS 

The  light  control  techniques  described  were  success¬ 
fully  applied  to  the  PAVE  LOW  III  helicopter  to  make 
the  interior  lighting  system  compatible  with  the  use  of 
night  vision  goggles.  From  the  ground  evaluation,  it  is 
evident  that  these  techniques  provide  a  simple,  inex¬ 
pensive,  and  useful  means  to  improve  night  visibility 
looking  out  of  the  cockpit  with  or  without  night  vision 
goggles.  The  materials  problems  encountered  should  be 
addressed,  and  these  techniques  should  be  considered 
in  the  design  of  new  cockpit  layouts  for  interior  night 
lighting. 

Since  this  effort,  similar  efforts  have  begun  for  light 
control  of  the  C-130  and  UH-1  aircrafts. 
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A  laboratory  study  investigated  the  effect  of  the  ANVIS  display  luminance  on 
instrument  lighting  levels  required  to  read  aircraft  instruments.  Eight 
subjects  adjusted  lighting  levels  to  what  they  judged  to  be  the  minimum 
required  for  safe  readability  of  instruments.  Prior  to  adjusting  the 
luminance  levels,  the  subjects  were  preadapted  to  various  ambient  lighting 
conditions,  including  a  simulated  ground  luminance  of  a  full  moonlit  night 
and  two  simulated  ANVIS  luminances.  All  three  of  the  preadapting  lighting 
conditions  were  considered  representative  of  actual  operational  conditions. 
Instrument  lighting  levels,  set  by  the  subjects  after  preadaptation  to  the 
ANVIS  test  conditions,  were  generally  higher  than  lighting  levels  set  after 
preadaptation  to  the  ground  luminance  test  condition.  Increasing  the 
preadapting  luminance  by  roughly  a  factor  of  300  (0.00065  ft-L  ground 
luminance  condition  to  a  0.2  ft-L  ANVIS  condition)  resulted  in  an  increase 
of  instrument  lighting  levels  by  a  factor  of  approximately  1.5. 

A  field  study  was  performed  on  board  operational  aircraft  to  determine 
instrument  lighting  levels  that  are  currently  used  with  ANVIS. 

Photometric  measurements  were  made  at  various  locations  on  the  front 
instrument  panel  of  a  C-141,  C-130,  and  HH-53  Air  Force  aircraft. 

Additional  lighting  measurements  were  made  on  board  an  OH-6  National  Guard 
aircraft.  Pilots  set  instrument  lighting  levels  in  flight  or  on  the  ground, 
following  adaptation  to  an  ANVIS  display  luminance.  No  specific 
instructions  describing  how  to  set  instrument  lighting  levels  were  given. 
Instrument  luminance  levels  were  in  the  0.003  to  0.086  ft-L  range.  The 
average  luminance  of  a  single  front  instrument  panel  remained  below 
0.06  ft-L. 

This  report  documents  the  methods  and  results  of  each  study  in  separate 
sections.  A  single  section  will  be  used  for  discussion  of  the  results  of 
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INTRODUCTION 


GENERAL  BACKGROUND 

In  recent  years  the  military  aviator's  night  operation  capability  has  been 
enhanced  by  the  use  of  Night  Vision  Goggles  (NVGs).  This  device  is  used 
primarily  for  visual  navigation  in  low  level  flight.  NVGs  are  employed  for 
terrain  avoidance,  terrain  identification,  landings,  and  takeoffs.  The 
proven  effectiveness  of  NVGs  as  a  visual  aid  to  the  aviator  has  resulted 
in  a  plan  for  increased  military  use. 

The  AN/AVS-6  Aviator's  Night  Vision  Imaging  System  (ANVIS)  is  an  NVG 
currently  being  procured  by  the  military  for  use  on  board  aircraft.  This 
electro-optical  device  (Figure  1)  weighs  approximately  16  ounces  and  is 
mounted  on  the  front  of  a  pilot's  flight  helmet.  A  battery  power  supply  is 
mounted  on  the  back  of  the  helmet.  ANVIS  functions  as  an  image  intensifer 
by  amplification  of  red  and  near-infrared  components  of  moonlight  and 
starlight.  Looking  through  the  eyepieces,  the  user  views  a  binocular  image 
of  the  real  world  on  green  monochrome  displays.  The  "look  under"  design 
feature  of  ANVIS  allows  the  pilot  to  view  cockpit  instruments  with  the 
unaided  eye  and  to  obtain  an  intensified  nighttime  image  of  the  world 
external  to  the  aircraft  without  a  mechanical  adjustment  of  focus. 

Basic  changes  to  the  design  of  aircraft  interior  lighting  are  required  to 
accommodate  the  use  of  ANVIS  in  the  cockpit.  Aircraft  lighting  traditionally 
consists  of  multicolor  incandescent  sources  with  spectral  emissions  in  the 
infrared  and  visible  wavelength  region.  Because  ANVIS  is  extremely 
sensitive  to  the  near- infrared  and  visible-red  components  of  these  lights, 
traditional  aircraft  lighting  causes  severe  interference  with  the  operation 
of  ANVIS.  To  use  ANVIS,  all  of  the  interior  lighting  must  be  redesigned. 

The  white  incandescent  sources,  typically  located  throughout  the  cockpit, 
must  be  replaced  with  "cold"  green  lighting  that  contains  very  little  or  no 
red  and  near- infrared.  Additional  changes  in  warning,  caution,  and  advisory 
lighting  are  also  required.  These  changes  restrict  the  use  of  color  coding. 
Geometrical  considerations  also  play  an  important »role  in  the  design  of 
ANVIS-compatible  lighting.  Location  of  light  sources,  with  respect  to  ANVIS 
and  the  windscreen,  must  be  such  as  to  minimize  interference  with  ANVIS. 

The  procurement  of  ANVIS-compatible  lighting  is  currently  a  problem. 

Both  the  design  and  specification  must  be  based  upon  research  and  technical 
data,  yet  many  human  engineering  questions  regarding  these  basic  changes  in 
lighting  design  remain  unanswered.  The  general  purpose  of  this  work  is  to 
provide  technical  data  from  which  the  accurate  specification  of  ANVIS 
compatible  interior  lighting  may  be  formulated. 

In  October  1984,  AAMRL  was  tasked  by  the  Joint  Logistics  Commanders  (JLC)  AD 
HOC  group  to  perform  night  lighting  and  night  vision  research.  Specific 
areas  of  study,  as  well  as  the  scope  of  various  efforts,  were  outlined 
initially  by  this  group.  Data  provided  by  AAMRL  are  intended  to  be  used  as  a 
basis  for  a  Tri-Service  specification  of  ANVIS-conpatible  interior  lighting. 
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Figure  1.  Pilot  Wearing  ANVIS. 


RESEARCH  QUESTION 

The  present  research  question  investigates  the  use  of  ANVIS  on  aircraft  and 
hh®  effect  of  the  ANVIS  display  luminance  on  visual  adaptation  and  the 
setting  of  instrument  lighting  levels.  Nighttime  ambient  lighting 
conditions  (i.e.  starlight,  moonlight)  range  in  luminance  from  0.000001  to 
0.001  ft-L.  The  output  display  luminance  of  ANVIS  is  within  a  range  of  0.02 
to  2.1  ft-L  (reference  1).  This  "large"  differential  in  preadapting 
luminance  that  occurs  as  a  result  of  using  ANVIS  was  expected  to  have  sane 
effect  on  the  pilot's  setting  of  instrument  lighting  levels.  The  specific 
objectives  of  this  work  were  as  follows: 

1—  To  determine  the  effect  of  preadapting  ANVIS  luminances  on  the 
setting  of  instrument  lighting  levels  by  ANVIS  users. 

2-  To  define  lighting  levels  required  for  reading  aircraft  instruments 
when  adapted  to  ANVIS  display  luminance. 

The  specification  of  ANVIS— compatible  lighting  must  use  operating  levels 
hhat  are  representative  of  an  aviator's  requirements  for  readability  of 
instruments  when  adapted  to  ANVIS  display  luminances. 
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RELATED  RESEARCH 


A  great  deal  of  experimentation  has  been  performed  in  the  laboratory  to 
quantify  visual  performance  under  conditions  of  low  ambient  lighting.  A 
number  of  investigators  have  studied  threshold  luminances  required  for  the 
discrimination  of  visual  detail. 

Kinney  and  Connors  (reference  2)  investigated  the  recovery  of  foveal  acuity 
following  exposure  to  various  intensities  and  durations  of  light.  The  test 
stimulus  was  a  circular  grid  1  degree  in  diameter.  Bars  of  the  grid  were 
alternately  opaque  and  transparent  and  subtended  6  minutes  of  visual  angle, 
corresponding  to  a  visual  acuity  requirement  of  20/120.  Data  collected  with 
two  subjects  showed  that,  following  complete  foveal  dark  adaptation,  the 
average  luminance  required  to  resolve  the  grating  was  0.01  ft-L. 
Preadaptation  to  a  3.6  ft-L  light  source  (45  second  duration)  resulted  in  a 
20  second  recovery  time  to  resolve  the  6  minute  target.  Preadaptation  to  a 
0.36  ft-L  light  source  showed  no  effect  on  foveal  acuity  (6  minute  target) 
for  any  adaptation  time  period  (1  to  45  second  duration). 

Brown  (reference  3)  examined  the  effect  of  preadapting  luminance  on  the 
resolution  of  visual  detail  during  dark  adaptation.  In  the  experiment,  the 
subject  was  required  to  identify  the  orientation  of  a  grating  pattern. 
Luminance  thresholds  of  two  subjects  were  0.3  mL  (0.28  ft-L)  and  0.03  mL 
(0.028  ft-L)  for  targets  of  1.6  minute  angle  (20/32)  and  4.0  minute 
angle  (20/80)  respectively.  Results  also  indicated  that  a  return  to 
threshold  luminance  for  the  resolution  of  the  1.6  minute  target  following  a 
5  minute  preadaptation  to  a  0.98  mL  (0.91  ft-L)  light  source  requires  2-4 
minutes.  Studies  by  Graham  and  Cook  (reference  4),  Brown,  Graham,  Leibowitz 
and  Ranken  (reference  5),  and  Diamond  and  Gil insky  (reference  6)  showed 
similiar  results  regarding  luminance  thresholds  for  various  acuities. 

In  each  of  the  studies  described  above,  the  subject  was  presented  with  a 
grid  pattern  using  a  light  flash  of  short  duration.  The  stimulus  was 
repeated  at  a  constant  interval  until  the  subject  could  discern  target 
orientation  or  striations.  Note  that  these  experimental  presentations  do  not 
closely  resemble  those  of  a  pilot's  actual  reading  task. 

Character  size  on  aircraft  instruments  is  designed  for  the  maximum 
legibility  permitted  by  space  restrictions  and  range  of  illumination 
(reference  7).  No  minimum  character  size  is  defined  kiy  standards,  however 
character  sizes  of  instrument  dials  are  designed  typically  for  2.0  (20/40) 
to  2.5  (20/50)  minutes  of  arc  visual  angle  as  estimated  for  these  non- 
Snellen  characters. 

In  more  current  research  that  specifically  deals  with  the  readability  of 
aircraft  instrument  dials,  Bauer  (reference  8)  reports  that  instruments  2.8 
inches  in  diameter  are  legible  in  the  0.02  mL  (0.019  ft-L)  to  0.05  mL  (0.046 
ft-L)  range.  It  was  also  shown  that  pilot  performance  improved  as  display 
luminance  increased  from  0.01  mL  (0.009  ft-L)  to  0.1mL  (0.09  ft-L).  Bauer 
concluded  that  minimum  luminance  levels  required  for  efficient  pilot 
performance  within  the  cockpit  lie  in  the  one  log  unit  range  of  0.01  to  0.1 
mL  (0.009  to  0.09  ft-L). 


Results  of  a  field  study  of  operational  instrument  lighting  levels  by  Dohrn 
(reference  9)  differed  from  those  of  Bauer.  With  red  and  white  instrument 
panel  lighting,  Dohrn  found  that  luminance  levels  required  for  the  legibility 
of  instruments  are  in  a  0.01  to  0.3  ft-L  range.  The  minimum  operational 
level  for  safe  flight  was  observed  to  be  in  the  0.001  to  0.01  ft-L  range. 
These  values  are  based  on  the  pilots*  setting  of  instrument  lighting  levels 
in  flight  when  preadapted  to  natural  ambient  lighting  conditions.  These 
studies  did  not  involve  the  effects  of  preadapting  luminances  on  the  setting 
of  instrument  lighting  levels. 
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LABORATORY  STUDY  METHODOLOGY 


DESIGN  VARIABLES 

In  the  present  study  the  effect  of  the  ANVIS  display  and  ambient  luminance 
on  the  setting  of  instrument  lighting  levels  was  investigated  by  exposing 
the  subject  to  various  preadaptive  lighting  conditions.  Before  performing 
an  instrument  reading  task,  the  subject  preadapted  to  a  lighting  condition 
that  was  representative  of  a  nighttime  full  moon  ambient  luminance  or  an 
ANVIS  display  luminance.  The  individual  test  conditions  included  a  0.00065 
ft-L  moonlight  condition,  a  0.2  ft-L  ANVIS  condition,  and  a  1.0  ft-L  ANVIS 
condition. 

The  subject  adjusted  a  single  airspeed  instrument  light  or  a  composite  panel 
of  instrument  lights.  The  composite  panel  of  instrument  lights  included 
primary  instrument  bezel  lights,  edge- lit  panel  lights,  and  glare  shield  flood 
lights. 

This  combination  of  three  adaptation  conditions  and  two  instrument 
adjustment  conditions  resulted  in  a  total  of  six  treatment  conditions  (3  X  2). 


SUBJECTS 

Seven  Air  National  Guard  A-7  pilots  and  an  Air  Force  C-130  pilot 
participated  in  the  experiment.  Subjects  were  administered  refractive 
visual  examinations  and  all  had  normal  or  corrected  acuity  of  20/25  or 
better.  An  AAMRL  Night  Vision  Test  (Appendix  A)  was  also  administered  to 
evaluate  the  subject's  visual  performance  under  low  light  level  conditions. 
All  subjects  were  considered  normal  and  "experienced"  as  pilots  by  their 
qualification  to  fly  night  missions. 


TASK 

The  task  was  designed  to  emulate  actual  instrument  reading  tasks  that  a 
pilot  performs  when  using  ANVIS.  This  consisted  of  adjusting  instrument 
lighting  levels  to  read  an  airspeed  instrument.  The  subject  was  required  to 
glance  down  from  the  ANVIS  display  or  ambient  moonlight  condition  (screen 
external  to  the  subject  station)  and  read  the  instrument  after  adjusting 
instrument  lighting. 

The  barrel  readout  and  the  pointer  on  the  airspeed  instrument  (Figure  2) 
were  read.  The  airspeed  was  recited  by  the  subject  with  an  accuracy  of  two 
knots . 

APPARATUS 

The  major  hardware  components  were:  a  subject's  station,  an  experimenter's 
station,  an  ANVIS  simulator,  and  an  ambient  light  simulator. 
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SUBJECT’S  STATION 


The  subject’s  station  (Figure  3)  was  a  night  lighting  mockup  of  an 
A- 10  front  instrument  panel,  containing  four  simulator  instruments  for  the 
representation  of  primary  flight  instruments:  Attitude  Direction  Indicator, 
Horizontal  Situation  Indicator,  Airspeed  Indicator,  and  Barometric  Altitude 
Indicator.  All  other  instruments  were  presented  as  flat  pictures  of 
instruments.  White  painted  indicia  elements  on  the  pictures  had  the 
approximate  reflectance  characteristics  of  real  instrument  indicia. 

Front  instrument  panel  lighting  was  composed  of  three  separate  groups: 
primary  instrument  bezel  lights,  glare  shield  flood  lights,  and  edge-lit 
panel  lights.  Each  of  the  three  lighting  groups  was  separately  adjusted  by 
the  subject. 

Lighting  for  airspeed  and  altimeter  instruments  used  full  circular  ring 
bezel  lights.  Lumicon(R)  wedge  lights  were  used  for  illumination  of  the 
attitude  direction  indicator  and  horizontal  situation  indicator  instruments. 
General  i  1  lumination  of  the  front  instrument  panel  was  provided  by  flood 
lighting  located  beneath  the  instrument  panel  glare  shield.  Six  edge-lit 
panel  lights  provided  markings  for  the  identification  of  front  instrument 
panel  controls  and  switches.  Color  coordinates  of  all  of  the  lighting 
components  were  modified  to  meet  the  preliminary  proposed  ANVIS-compatible 
lighting  specification  (reference  10).  Additional  information  concerning  the 
front  instrument  panel  lighting  is  included  in  Appendix  B. 


EXPERIMENTER'S  STATION 

The  experimenter's  station  contained  controls  for  presenting  simulator 
instrument  indicia  and  digital  voltage  displays  for  monitoring  the  luminance 
level  of  the  three  lighting  groups  and  individual  instrument  bezel  lights. 

Controls  for  the  selection  of  a  single  airspeed  bezel  light  were  also 
included  at  the  experimenter's  station.  When  a  single  bezel  light  was 
selected  by  the  experimenter,  the  subject's  potentiometer  controlled  only 
the  airspeed  instrument  bezel  light,  while  all  otter  bezel  lights  were  off. 


ANVIS  SIMULATOR 

An  ANVIS  simulator  (Figure  4)  was  used  to  adapt  the  subject  to  a  display 
luminance  of  1.0  or  0.2  ft-L,  as  determined  by  the  test  condition.  This 
device  provided  the  subject  with  a  diffuse  light  source  of  uniform 
brightness  (no  image)  and  color  over  the  display's  entire  40-degree  field 
of  view.  Light  with  chromaticity  coordinates  of  a  P-20  phosphor  was 
obtained  by  filtering  a  tungsten  source.  The  display  luminance  was 
adjusted  with  neutral  density  filters  to  within  15%  of  the  desired  test 

condition  luminance. 

# 


AMBIENT  LIGHT  SIMULATOR 

A  projection  screen  in  front  of  the  subject  was  illuminated  to  simulate  a 
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condition  of  ground  luminance  on  a  full  moonlit  night  (reference  11).  The 
average  0.00065  ft-L  (standard  deviation  of  1.9  for  9  measurements) 
luminance  provided  an  ambient  lighting  condition  to  which  the  subject 
visually  adapted.  The  light  source  consisted  of  a  GE-7C7  incandescent  light 
bulb,  recessed  in  a  cylindrical  housing  (2  inch  diameter).  A  neutral  density 
filter  (ND=2.0)  placed  over  the  light  source  provided  the  desired  luminance 
condition.  The  angular  subtense  or  viewing  angle  of  the  screen  was  34 
degrees  horizontally  and  20  degrees  vertically. 


PROCEDURE 

A  set  of  instructions  was  read  to  each  subject  (Appendix  C).  They  included 
the  procedure  for  the  experimental  session  and  the  events  that  would  occur 
within  a  given  trial. 

A  hypothetical  mission  segment  of  night-time  low  level  navigation  was 
described  in  which  ANVIS  would  be  used  for  visibility  outside  of  the 
aircraft.  It  was  emphasized  that  the  subject  should  adjust  instrument 
lighting  to  a  minimum-safe  level  to  avoid  detection  by  adversaries. 

The  subject  was  seated  27  inches  from  the  instrument  panel.  Features  of  the 
instrument  panel  lighting  were  pointed  out.  The  function  of  the  three 
lighting  groups  and  corresponding  dimmer  controls  was  demonstrated. 

The  subject  was  dark  adapted  for  30  minutes  prior  to  the  start  of  the  trial 
sequence.  All  other  lights  remained  off  during  this  period. 

Preceding  each  trial  the  subject  was  exposed  to  a  preadapting  lighting 
condition  for  1.5  minutes.  The  subject  was  required  to  look  directly  at  the 
simulated  ANVIS  display  or  the  simulated  moonlight  condition.  The  subject 
then  adjusted  the  instrument  lighting  to  a  minimum  level  that  he  felt  was 
necessary  for  readability  of  the  airspeed  instrument.  In  the  first  trial 
the  subject  adjusted  the  airspeed  instrument  bezel  light  to  a  level  that  he 
felt  was  necessary  to  read  the  pointer  and  barrel  indicia.  All  other  front 
instrument  panel  lights  remained  off.  The  subject  was  instructed  to  slowly 
increase  the  instrument  lighting  level  until  the  instrument  could  be  read 
following  a  brief  glance  down  from  the  ANVIS  display  or  the  simulated 
moonlight  condition.  The  subject  was  informed  that  reading  the  instrument 
should  not  require  more  than  2  seconds. 

In  the  second  trial  the  subject  adjusted  the  luminance  of  three  groups  of 
the  front  instrument  panel  lighting.  The  subject  performed  the  following 
sequence:  1-  increased  the  primary  instrument  cluster  lights  until  the 
airspeed  instrument  could  be  read  by  the  method  described  above.  2- 
increased  the  edge-lit  panel  lights  until  the  location  of  switches  and  knobs 
was  referenced.  3-  increased  the  flood  lighting  until  the  engine 
instrument  cluster  was  adequately  illuminated  for  the  reading  of  gauge 
pointer  positions.  4-  made  any  necessary  adjustments  to  the  primary 
instrument  cluster  lights  to  compensate  for  the  effects  of  the  other  two 
lighting  groups. 

The  two  trial  sequences  described  above  were  performed  in  succession.  All 
trials  for  a  given  preadapting  lighting  condition  were  performed 
consecutively.  Five  trials  were  given  for  each  of  the  6  experimental 
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conditions*  A  total  of  30  trials  were  given  within  the  experimental 
session.  One  experimental  session  lasted  approximately  2.25  hours  and 
contained  no  rest  breaks. 


The  three  preadapting  lighting  conditions  were  counter-balanced  to  equalize 
the  effects  of  fatigue  and  learning.  For  trials  that  followed  a  condition 
of  higher  preadapting  luminance*  an  additional  10  minute  dark  adaptation 
period  was  given  before  testing  under  the  lower  luminance  condition. 


Figure  2.  Diagram  of  Airspeed  Simulator  Instrument. 
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Figure  3.  Subject's  Station,  consisting  of  an  A-10  Front  Instrument  Panel 
Night  Lighting  Mockup.  The  Ambient  Light  Simulator  is  not 
present  in  the  picture. 


Figure  4.  ANVIS  Simulator  with  Helmet. 
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LABORATORY  STUDY  RESULTS 

Tables  1  to  3  and  Figures  5  to  7  summarize  the  results  of  the  laboratory 
study.  Tables  1  and  2  contain  the  mean  luminance  level  setting  and 
corresponding  standard  deviation  for  all  8  subjects  combined,  with  5  trials 
for  each  test  condition.  Measurement  points  for  each  lighting  group  are 
described  in  Appendix  B. 

Table  3  shows  the  mean  luminance  settings  for  the  adjustment  of  the 
airspeed  indicator  light  alone  for  individual  subjects.  All  other  lights 
remained  off  during  this  trial.  Each  luminance  listed  for  an  individual 
subject  is  an  average  of  the  3  lighting  conditions  and  the  5  trials  of  each 
condition.  Substantial  variability  in  individual  subject's  luminance 
settings  are  apparent.  The  mean  values  for  subjects  ranged  from  0.0016  ft-L 
to  0.0109  ft-L.  The  subject's  age,  night  flying  time  in  hours,  and  measured 
visual  acuity  are  also  included  in  this  table. 

An  analysis  of  variance  { ANOVA)  was  performed  on  the  luminance  data  using 
the  three  adaptation  conditions  as  factors.  Results,  shown  in  Tables  4  to 
6,  indicated  that  there  was  a  significant  difference  in  the  adjustment  of 
primary  instrument  lighting  as  a  function  of  lighting  condition  (p<.01). 

A  Tukey's  test  indicated  that  lighting  levels  set  by  the  subject  to  read  the 
airspeed  instrument,  after  adapting  to  the  two  ANVIS  conditions,  were 
significantly  higher  than  those  after  adapting  to  the  moonlight  condition. 
However,  comparison  of  the  subject's  setting  of  lighting  levels  following 
exposure  to  the  two  ANVIS  conditions  {1.0  ft-L  and  the  0.2  ft-L  ANVIS) 
showed  no  significant  differences.  General  results  of  the  ANOVA  were  the 
same  for  trials  involving  the  adjustment  of  the  single  airspeed  instrument 
and  for  trials  involving  the  composite  panel  of  instrument  lighting  (primary 
lights,  edge-lit  panel  lights,  and  flood  lights). 

A  second  and  third  ANOVA  indicated  that  the  subjects  made  no  significant 
changes  in  edge- lit  panel  lighting  or  flood  lighting  levels  as  a  result  of 
preadaptation  to  the  three  lighting  conditions.  Tables  7  to  8  list  results 
of  these  ANOVA. 

Figure  5  illustrates  the  light  level  settings  (mean  of  all  subjects)  for  the 
three  preadapting  lighting  conditions.  It  also  compares  airspeed  instrument 
lighting  levels  for  adjustment  of  the  airspeed  instrument  light  alone  with 
that  for  the  three  lighting  groups.  The  subjects'  light  level  settings  for 
trials  involving  the  adjustment  of  a  single  airspeed  instrument  are 
approximately  the  same  as  those  for  trials  involving  the  adjustment  of  the 
three  lighting  groups. 

Mean  luminance  level  settings  as  a  function  of  subject  age  are  shown  in 
Figure  6.  The  product  moment  correlation  coefficient,  r,  was  -  0.41, 
which,  for  n=8  at  the  p=0.1  level  is  not  statistically  significant.  A 
general  trend  for  instrument  lighting  levels  to  decrease  with  increase  in 
subject  age  is  therefore  not  established  statistically.  Figure  6  also 
,  illustrates  the  somewhat  broad  range  of  luminance  values  set  by  individual 
subjects. 
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Figure  7  plots  the  subjects'  mean  airspeed  luminance  level  settings 
(averaged  for  all  three  lighting  conditions)  against  the  subjects'  night 
flying  time.  Six  of  the  eight  subjects  had  less  than  500  hours  of  night 
flying  time.  For  the  eight  subjects  the  product  moment  correlation 
coefficient  between  luminance  settings  and  flight  time  was  r=-0.19,  which 
for  p>0.1  is  not  statistically  significant.  Thus  the  apparent  relationship  of 
decreasing  mean  luminance  levels  with  an  increase  in  night  flying  experience 
is  not  established. 

TABLE  1.  MEAN  LUMINANCE  LEVEL  SETTING  FOR  A  SINGLE  INSTRUMENT  AND  FOR  A 

CLUSTER  OF  PRIMARY  INSTRUMENTS  WHEN  PREADAPTED  TO  VARIOUS  AMBIENT 
LIGHTING  CONDITIONS. 

0.00065ft-L  0.2ft-L  1.0ft-L 

MOON  S  ANVIS  S  ANVIS  S 


AIRSPEED  ALONE  0.0043  (0.0029)*  0.0058  (0.0034)  0.0062  (0.0036) 

AIRSPEED  WITH  CLUSTER  0.0044  (0.0028)  0.0064  (0.0037)  0.0073  (0.0042) 

*STANDARD  DEVIATION  IN  PARENTHESIS 


TABLE  2.  MEAN  LUMINANCE  LEVEL  SETTING  FOR  THREE  LIGHTING  GROUPS  WHEN 
PREADAPTED  TO  VARIOUS  AMBIENT  LIGHTING  CONDITIONS. 

0.00065ft-L  0.2ft-L  1 . 0f t-L 

MOON  S  ANVIS  S  ANVIS  S 


AIRSPEED-COMPENSATED  0.0040  (0.0026)  0.0061  (0.0034)  0.0065  (0.0039) 
FLOODS  0.0138  (0.0175)  0.0155  (0.0156)  0.0202  (0.0160) 
EDGE-LIT  PANELS  0.0107  (0.0122)  0.0163  (0.0160)  0.0193  (0.0179) 


‘STANDARD  DEVIATION  IN  PARENTHESIS 


TABLE  3.  MEAN  LUMINANCE  LEVEL  SETTING  ACROSS  ALL  THREE  LIGHTING  CONDITIONS 
FOR  INDIVIDUAL  SUBJECTS  IN  DECENDING  ORDER  OF  LUMINANCE 


SUBJECT 

NUMBER 

LUMINANCE 

(ft-L) 

AGE 

NIGHT  FLIGHT 
TIME  (HOURS) 

SNELLEN 

RIGHT 

ACUITY 

LEFT 

7 

0.0109 

26 

70 

20/20 

20/20 

1 

0.0086 

34 

100 

20/25 

20/25 

6 

0.0066 

25 

50 

20/25 

20/25 

5 

0.0060 

36 

350 

20/15 

20/15 

8 

0.0048 

38 

4700 

20/20 

20/15 

4 

0.0032 

29 

90 

20/25 

20/15 

2 

0.0020 

34 

1000 

20/25 

20/20 

3 

0.0016 

34 

270 

20/20 

20/20 
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TABLE  4.  ANOVA  FOR  SINGLE  AIRSPEED  INSTRUMENT  SETTINGS  WHEN  PREADAPTED  TO 
VARIOUS  AMBIENT  LIGHTING  CONDITIONS. 


SOURCE  DF  MEAN  SQUARE  F 


P 


SUBJECT  7  0.001543  42.0  0.0001 
CONDITION  2  0.000443  12.0  0.0009 
ERROR  14  0.000037 


TABLE  5.  ANOVA  FOR  PRIMARY  INSTRUMENT  CLUSTER  SETTINGS  WHEN  PREADAPTED  TO 
VARIOUS  AMBIENT  CONDITIONS. 


SOURCE 


DF 


MEAN  SQUARE 


SUBJECT  7  0.001710  34.2  0.0001 
CONDITION  2  0.000787  15.8  0.0003 
ERROR  14  0.000050 


TABLE  6.  ANOVA  FOR  COMPENSATED  PRIMARY  INSTRUMENT  CLUSTER  SETTINGS  WHEN 
PREADAPTED  TO  VARIOUS  AMBIENT  CONDITIONS. 

SOURCE  DF  MEAN  SQUARE  F  P 

SUBJECT  7  0.001859  38.8  0.0001 

CONDITION  2  0.000773  16.1  0.0002 

ERROR  14  0.000048 


TABLE  7.  ANOVA  FOR  EDGE-LIT  PANEL  LIGHTS  WHIM  PREADAPTED  TO  VARIOUS  AMBIENT 
LIGHTING  CONDITIONS. 


SOURCE 

DF 

MEAN  SQUARE 

F 

P 

SUBJECT 

7 

0.000640 

15.4 

0.0001 

CONDITION 

2 

0.000152 

3.6 

0.0551 

ERROR 

14 

0.000042 

TABLE  8.  ANOVA  FOR  FLOODLIGHTS  WHEN  PREADAPTED  TO  VARIOUS  AMBIENT  LIGHTING 
CONDITIONS. 


SOURCE  DF  MEAN  SQUARE 

'  SUBJECT  7  0.010626 

CONDITION  2  0.002550 

ERROR  14  0.000800 


F  P 

13.3  0.0001 

3.2  0.0724 
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NIGHT-  FLYING  TIME  (HOURS) 

Figure  7.  Mean  Luminance  Setting  of  the  Airspeed  Indicator  Light 
a  Function  of  Night  Flying  Time. 


FIELD  STUDY  METHODOLOGY 


DESIGN  VARIABLES 

In  the  operational  environment,  many  factors  influence  the  pilot's  setting 
of  instrument  lighting  levels.  The  following  variables  are  "independent 
variables"  in  the  broad  sense  that  each  may  influence  the  pilot's  setting  of 
instrument  lighting  levels.  These  variables  are  summarized  as  follows; 

*  Level  of  Dark  Adaptation-  Ambient  light  level  {i.e.  moonlight, 

starlight,  ground  light,  etc.) 
determines  the  ANVIS  display  brightness, 
which  in  turn,  is  responsible  for  the 
human  visual  adaptation  state. 

*  Individual  Night  Vision-  Differences  in  an  individual's  night 

vision  contribute  to  the  setting  of 
instrument  lighting  levels.  Presently, 
pilot  visual  screening  tests  do  not 
consider  deficiencies  in  human  night 
vision. 

*  Interference  with  NVGs-  Current  special  operations  lighting 

designs  are,  in  some  instances,  reported 
to  be  only  partially  conpatible  with 
night  vision  goggles.  As  a  result, 
pilots  set  instrument  lighting  levels 
to  reduce  or  eliminate  interference 
with  the  ANVIS  displayed  imagery 
(particularly  reflections  in  the 
windscreen) . 

*  Lighting/Crew  Station  Design-  Many  differences  exist  in  lighting  and 

crew  stations  for  various  operational 
aircraft,  including  the  types  of 
instruments,  indicia,  geometries, 
lighting  componenets,  etc.  All  in¬ 
fluence  instrument  lighting  levels. 

*  Training/Type  of  Mission-  Special  operations  training  requires 

that  instrument  lighting  levels  be  set 
for  minimum  readability  to  reduce 
visibility  from  outside.  This  training 
can  be  related  to  a  particular  mission 
type. 

The  dependent  variable  in  the  field  study  was  the  luminance  level  of  the 
instrument  indicia  set  by  the  pilot. 

* 
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AIRCRAFT  AND  EQUIPMENT 


Lighting  measurements  were  made  on  board  three  Air  Force  special  operations 
?^raft:  C-130,  and  HH-53.  Each  of  these  aircraft  is  equipped  with 

lighting  systems  that  are  compatible  with  NVGs.  The  designs  consist 
PK^m?^1/y  £f  f loodi  lighting  located  beneath  the  front  instrument  panel  glare 
shield  (reference  11).  Additional  measurements  were  made  onboard  a  National 
Guard  OH-6  aircraft.  The  lighting  design  for  this  aircraft  consisted 

primarily  of  ring  bezel  lights  or  post  lights  located  on  individual 
instruments. 


Measurements  were  made  with  a  Pritchard  1980  photometer  with  close-up  lens 
a  Spectra  RS— 1  barium  sulfate  plague,  and  a  tripod. 


PROCEDURE 


A  verbal  description  of  the  lighting  field  study  was  given  to  crew  members 
10  j  6  P*-e^ briefing.  This  description  included  the  purpose  of  the 
study,  the  time  required  for  measurements,  and  the  procedure  for  data 
collection.  No  specific  instructions  describing  how  to  set  instrument 
lghting  levels  were  given.  An  alternate  method  of  data  collection  was  used 
when  the  method  described  conflicted  with  other  mission  requirements.  The 
data  collection  sequence  was  performed  as  follows: 


1-  The  aircraft  landed  at  an  austere  airstrip  and  the  pilot  was 
instructed  to  remove  his  ANVIS. 

2-  After  adapting  to  ambient  lighting  conditions,  the  pilot  was 
instructed  to  adjust  lighting  levels  to  make  aircraft  instruments 
readable  without  ANVIS. 

3-  Photometric  measurements  of  the  front  instrument  panel  were  taken. 

4-  The  pilot  was  instructed  to  put  on  ANVIS. 

5-  After  visually  adapting  to  the  ANVIS  display  field,  the  pilot  was 
instructed  to  adjust  lighting  levels  to  make  aircraft  instruments 
legible  while  utilizing  the  ANVIS  look-under  design. 

6-  Photometric  measurements  of  the  front  instrument  panel  were  taken. 

The  alternate  method  of  data  collection  was  as  follows: 

1-  Lighting  levels  were  set  by  the  pilot  in  flight  during  a  mission 
segment  that  typified  ANVIS  usage. 

2-  Photometric  measurements  of  the  front  instrument  panel  were  taken 
after  the  flight.  Lighting  levels  set  in  flight  were  unchanged. 
Tarps  were  placed  over  the  windscreens  to  block  out  parking  area 
lights. 

Because  no  additional  instrument  bezel  lights  were  present  on  each  of  the 
three  Air  Force  front  instrument  panel  designs,  illuminance  measurements 
were  the  primary  method  of  data  collection.  Direct  luminance  measurements 
were  the  method  used  for  data  collection  on  board  the  OH-6  aircraft. 
Lighting  measurement  techniques  are  described  in  Appendix  D. 
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FIELD  STUDY  RESULTS 


»*U  aT,  remits  of  lighting  measurements  taken 
cxi  board  C-141,  C-130,  and  the  HH-53  special  operations  aircraft. 

The  tabular  form  of  the  illuminance  data  indicates  the  approximate  physical 
location  th|£  measurements  were  made  on  the  front  instrument  panel.  The 
gradation  of  lighting,  shown  by  measurements  of  the  high,  middle,  and  low 
f™*  instrument  panel,  is  typical  of  a  flood  lighting 
distribution  for  lights  mounted  beneath  the  instrument  panel  glare  shield. 
i  •’^u®l>ln3nfe  data  ln  Tables  9  to  11  indicate  a  rather  broad  range  of 
lighting  levels  across  each  of  the  front  instrument  panels  measured. 
Illuminance  levels  at  the  bottom  of  the  panel  (low  position)  ranged  from 
161  to  33%  of  the  luminance  levels  at  the  top  (high  position)  of  the  panel 
for  any  given  crew  position.  p 

For  data  showi  in  Tables  9  and  10,  the  pilot  adjusted  instrument  lighting 

Iwttc?'  ff*  When  ?dapted  to.an  ambient  lighting  condition  (not  wearing 
ANVIS)  and  again  after  adapting  to  the  ANVIS  display  luminance.  Table  11 

i!S?«fi9h^n9  levels  set  by  the  pilot  during  a  mission  segment  using  ANVIS. 
Each  illuminance  measurement  was  taken  in  a  position  directly  over  the 
instrument  face. 

^abl*  cllsts  refults  of  lighting  measurements  taken  onboard  a  National 
*ircra5t*  L™inance  of  the  white  indicia  ranged  from  0.030 
to  0.086  ft-L.  The  minimum  measured  instrument  luminance  was  35%  of  the 
maximum  measured  instrument  luminance. 

wiT  13J:Q  15  sb0W  the  proximate  luminances  of  white  instrument  indicia 
b#«ed  on  kn«|«  reflectance  characteristics  of  indicia  paint.  This  data  was 
calculated  from  illuminance  data  of  Tables  9  to  11.  MIL-L-27160C  (reference 

13)  specifies  white  37875,  black  37038,  and  gray  36440  as  the  indicia 

«  «  %  °f  th6Se  paints  as  measured  in  the  laboratory,  were 

‘  respectively.  Paint  chips  were  provided  in  FED-STD- 

595  (reference  14),  For  the  calculated  lighting  data  shown  in  Tables  13  to 

to  TlsT7t\0t  lurainance  levels'  set  by  pilots  when  using  ANVIS,  was  0.004 

'SSJrPZSr  fo,r  various  instrument  panel  lighting  data  are 

isted  in  T^ble  16.  A  description  of  the  data  points  used  in  the 

calculation  a*  well  as  standard  deviations  are  included  in  the  table. 

V*p  grading  fffeet  of  flood  lighting  resulted  in  high  standard  deviations. 

Lii1^*tra,tfS  th?  effect  of  mvis  use  on  instrument  lighting  levels 
collected  onboard  the  C-130  and  C-141  aircraft.  The  graph 

*?**  th8t  P11**3  setting  of  instrument  lighting  levels  was  higher 
Wien  using  AiiVIS.  Figure  8  also  compares  the  pilot's  ANVIS  lighting  levels 

T-riS  !ettings-  Ifc  can  be  Observed  that  the  non-ANVIS 

arf  at  aPProximately  the  same  luminance  level 
op  the  pilot  s  ANVIS  lighting  levels. 
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BEST  AVAILABLE  COPY 


TABLE  9.  PHOTOMETRIC  MEASUREMENTS  OF  THE  C-141  FRONT  INSTRUMENT  PANEL 
FOR  PILOT  WITH/WITHOUT  ANVIS. 


FLOOD  LIGHT  MEASUREMENTS ,  IN  ft-C,  NOT  USING  ANVIS 


panel 

position 

pilot  console 

center  console 

copilot  console 

high 

0.005 

0.024 

0.044 

middle 

0.002 

0.015 

0.028 

low 

0.001 

0.008 

0.009 

FLOOD  LIGHT  MEASUREMENTS,  IN  ft-C,  USING  ANVIS 

panel  pi lot  console 

position 

high  0.100 

middle  0.050  (center  and  copilot  level  were  unchanged) 

low  0.025 


ADI  LUMINANCE  LEVEL,  IN  ft-L,  USING  ANVIS 

panel  pilot  console 

position 

above  horizon  line  0.050 

below  horizon  line  0.006 


copilot  console 


0.053 

0.005 


HSI  LUMINANCE  LEVEL,  IN  ft-L,  USING  ANVIS 


panel  pilot  console 

position 

pointer  at  6  o'clock  0.021 

black  background  0.006 


copilot  console 


0.011 

0.001 


Notes:  -Date  Collected:  6/27/84 

-Airplane:  tail#  0131,  Electroluminescent  lighting 
-Conditions:  hazy,  starlight,  no  ground  lights 


240 


TABLE  10.  PHOTOMETRIC  MEASUREMENTS  OF  THE  C-130E  (AWADS)  FRONT  INSTRUMENT 
PANEL  FOR  PILOT  WITH/WITHOUT  ANVIS. 


FLOOD  LIGHT  MEASUREMENTS,  IN  ft-C,  NOT  USING  ANVIS 

panel  pilot  console  center  console 

position 

high  0.002  0.002 

middle  0.001  0.002 

low  0.001  0.020 


FLOOD  LIGHT  MEASUREMENTS,  IN  ft-C,  USING  ANVIS 

Panel  pilot  console 

position 

0.012 

0.007  (center  and  copilot  levels  were  unchanged) 
0.004 


ADI  LUMINANCE  LEVEL,  IN  ft-L,  USING  ANVIS 

Panel  pilot  console  copilot  console 

position 

above  horizon  line  0.002  0.002 

below  horizon  line  0.0003  0.0004 


Notes:  -Date  Collected:  8/14/84 

-Airplane:  Tail#  1276,  Electroluminescent  lighting 
-Location:  Pope  AFB,  no  ground  lights 
-Conditions:  approximately  80%  full  moon 


high 

middle 

low 


copilot  console 


0.082 

0.034 

0.014 
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TABLE  11.  PHOTOMETRIC  MEASUREMENTS  OF  THE  HH-53  (PAVELOW)  FRONT  INSTRUMENT 
PANEL  WITH  ANVIS. 


FLOOD  LIGHT  MEASUREMENTS,  IN  ft-C,  USING  ANVIS 

panel  pilot  console  center  console  copilot  console 

position 


high  Radar  ALt  0.074  Airspeed  0.064 

middle  ADI  0.052  Radar  Alt  0.018 

WI  0.050  ADI  0.032 

low  Rotor  RPM  0.022  clock  0.005  WI  0.018 

eng  temp  0.009  Rotor  RPM  0.014 


ADI  LUMINANCE,  IN  ft-L,  USING  ANVIS  ' 

panel  pilot  console 

position 


above  horizon  line  0.011 

below  horizon  line  0.004 


HSI  LUMINANCE,  ft-L,  USING  ANVIS 

panel  pilot  console 

position 


bearing  pointer  0.003 


Notes:  -Date  Collected:  11/1/84 

-Airplane:  Tail#  1650,  filtered  incandescent  flood  lighting 
-Location:  parking  area  with  tarps  covering  windscreens 
-Conditions:  50%  moon,  clear 

-lighting  levels  were  set  during  mission  segments  using  NVGs 
-both  pilot  and  copilot  were  using  ANVIS 
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TABLE  12.  PHOTOMETRIC  MEASUREMENTS  OF  THE  OH-6A  FRONT  INSTRUMENT  PANEL 
WITH  ANVIS. 


Instrument  White  Pointer  Adjacent  Black 

Luminance  (ft-L)  Luminance  (ft-L) 


Altimeter 

0.063 

0.006 

Clock 

0.031 

0.002 

HMI 

0.086 

0.003 

Attitude  Indicator 

0.045 

0.007 

Rotor  Tach 

0.082 

0.006 

Airspeed 

0.047 

0.021 

Torque 

0.057 

0.005 

N.  Tach 

0.030 

0.013 

Notes:  -Date  Collected:  4/2/85 

-Airplane:  Tail#  15188,  incandescent  bezel  lights  by  Aerospace  Optics 
-Location:  in  hangar  with  tarps  covering  windscreens 
-Conditions:  full  moon,  clear 

-Lighting  levels  were  set  in  flight  during  a  low  level  flight 
-Only  direct  instrument  measurements  of  instrument  pointers 
were  made  (ft-L) 

-Measurement  data  in  the  table  is  not  ordered  by  position  on  the 
front  instrument  panel 
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TABLE  13.  C-141  CALCULATED  LUMINANCE,  IN  ft-L,  FOR  WHITE  PAINTED  INDICIA. 

NOT  USING  ANVIS 

panel 
position 

high 
middle 
low 


USING  ANVIS 


pilot  console 
0.086 

0.043  (center  and  copilot  levels  were  unchanged) 

0.022 


TABLE  14.  C-130  CALCULATED  LUMINANCE,  IN  ft-L,  FOR  WHITE  PAINTED  INDICIA. 
NOT  USING  ANVIS 

panel  pilot  console 

position 

high  0.002 

middle  0.001 

low  0.001 


USING  ANVIS 

panel  pilot  console 

position 

high  0.010 

middle  0.006  (center  and  copilot  levels  were  unctlanqtd) 

low  0.003 


panel 

position 

high 

middle 

low 


pilot  console  center  console  copilot  console 

0.004  0.021  0.038 
0-002  0.013  0.024 
0.001  0.007  0.008 
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TABLE  15.  HH-53  CALCUALATED  LUMINANCE,  IN  ft-L,  FOR  WHITE  PAINTED  INDICIA, 


USING  ANVIS 


panel 

position 

pilot  console 

center  console 

copilot  console 

high 

Radar  Alt 

0.064 

Airspeed  0,055 

middle 

ADI 

0.045 

Radar  Alt  0.016 

low 

WI 

0.043 

ADI  0.028 

Rotor  RPM 

0.019 

clock  0.004 
eng  temp  0.008 

WI  0.016 

Rotor  RPM  0.012 

TABLE  16.  AVERAGE  LUMINANCES  CALCULATED  TOR  MEASUREMENTS  ON  AIRCRAFT. 


Aircraft  Location/Condition 

C-141  all  of  panel/no  ANVIS 

C-141  pilot  station/no  ANVIS 

C-141  pilot  station/with  ANVIS 

C-130  all  of  panel/no  ANVIS 

C-130  pilot  station/no  ANVIS 

C-130  pilots  station/with  ANVIS 

HH-53  pilot  station/with  ANVIS 

HH-53  copilot  station/with  ANVIS 

OH-6  pilot  station/with  ANVIS 


#  of  Measurements  Mean (ft-L)  S 


9 

0.013 

(0.012)* 

3 

0.002 

(0.002) 

3 

0.050 

(0.033) 

9 

0.015 

(0.023) 

3 

0.001 

(0.001) 

3 

0.006 

(0.004) 

4 

0.043 

(0.018) 

5 

0.025 

(0.018) 

8 

0.055 

(0.021) 

♦STANDARD  DEVIATION  IN  PARENTHESIS 


(TJJ)  HONVNIWm  lN3Wn«lSNI 


Old  ooi)  aoNVNiiflinm  lHonaooid 
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DISCUSSION 


As  indicated  previously,  one  of  the  objectives  of  this  work  is  to  determine 
luminance  levels  required  for  instrument  legibility  when  the  visual  system 
is  adapted  to  ANVIS  display  luminance.  The  data  derived  from  these  studies 
can  then  be  used  to  define  an  accurate  test  luminance  for  acceptance 
procedures  of  ANVIS  compatible  lighting  components. 


In  the  currently  proposed  specification,  various  lighting  characteristics 
(i.e.  chromaticity  and  spectral  emissions)  are  tested  for  acceptance  at 
luminance  levels  that  are  estimated  to  be  representative  of  a  pilot's  actual 
operational  levels.  For  the  spectral  emission  acceptance  procedure  (by 
ANVIS  radiance  units,  paragraph  3.2.5.1),  the  test  condition  luminance  is  0.1 
ft-L.  For  the  color  acceptance  procedure  (by  C.I.E.  chromaticity 
coordinates,  paragraph  3.2.4.1)  the  test  condition  luminance  is  0.05  ft-L. 

The  currently-estimated  operational  luminance  levels  do  not  consider 
potential  effects  of  the  preadapting  ANVIS  display  luminance. 

The  laboratory  results  show  that  preadaptation  to  light  sources  of  higher 
luminance  (1.0  ft-L  or  0.2  ft-L  mviS  condition  compared  to  the  0.00065  ft-L 
ambient  condition)  result  in  a  corresponding  increase  in  the  lighting  levels 
needed  for  readability  of  instruments.  A  closer  examination  of  the  data 
reveals  that  actual  increases  in  instrument  lighting  levels,  although 
significant,  were  small  when  compared  to  the  corresponding  change  in 
preadapting  luminance  conditon.  Increasing  the  preadapting  luminance  by 
roughly  a  factor  of  300  (0,00065  ft— L  to  the  0.2  ft— L  condition  in  Table  2), 
resulted  in  an  increase  in  the  airspeed  instrument  lighting  levels  by  a 
factor  of  1.5  (0.0040  ft-L  to  0.0061  ft-L).  Similarly,  an  increase  in 
preadapting  luminance  by  a  factor  of  1500  (0.00065  ft-L  to  1.0  ft-L 
condition  in  Table  2),  resulted  in  an  increase  in  the  airspeed  instrument 
lighting  levels  by  a  factor  of  1.6  (0.004  ft-L  to  0.00065  ft-L).  This 
result  indicates  that  this  broad  range  of  preadapting  luminance  has  very 
little  affect  on  pilot  adjusted  instrument  lighting  levels.  In  fact  the 
increase  in  instrument  lighting  level,  resulting  from  the  1.0  ft-L  lighting 
condition,  is  less  than  the  range  of  mean  lighting  levels  set  by  individual 
subjects. 


Laboratory  results  also  show  luminance  levels  of  the  three  lighting  groups 
to  be  lower  than  the  0.1  ft-L  test  luminance  condition  described  in  the  draft 
specification.  For  the  1.0  ft-L  ANVIS  condition,  the  mean  luminance  levels 
for  the  three  front  instrument  panel  lighting  groups  were  as  follows:  0.0065 
ft-L  for  primary  instrument  cluster,  0.0193  ft-L  for  the  edge- lit  panel 
lights  and  0.0202  ft-L  for  the  flood  lights.  Each  of  these  luminance  values 
represents  a  single  measurement  point  on  the  front  instrument  panel. 

For  each  lighting  group,  a  range  of  luminance  is  actually  defined,  for 
various  locations  on  the  front  instrument  panel,  it  is  notable  that  these 
luminance  values  are  very  much  dependent  on  lighting  design  (i.e.  luminance 
distribution),  the  geometry  of  the  front  instrument  panel,  and  the 
instructions  provided,  to  the  subject,  instructions  requiring  the  subject  to 
set  instrument  lighting  to  a  minimum  level"  are  believed  to  have  resulted 
in* these  low  luminance  values. 


The  setting  of  the  airspeed  instrument  lighting  level  was  based  on  the 
subject's  need  to  identify  indicia  on  the  instrument  barrel  readout.  The 
character  size  of  the  barrel  readout  numbers  is  a  significant  factor  in  the 
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luminance  required  for  the  subject  to  read  the  airspeed  instrument.  These 
are  estimated  to  be  3.0  minute  (20/60)  targets  (appendix  E).  This  character 
size  is  therefore  slightly  larger  than  the  2.0  (20/40)  to  2.5  (20/50)  minute 
target  size  range,  defined  as  typical  for  most  aircraft  indicia  design. 
Direct  comparison  of  the  results  of  this  experiment  with  threshold  acuity 
studies  found  in  the  literature  is  not  possible  though  due  to  the  completely 
different  methodologies  employed  in  the  experiments. 

The  most  obvious  finding  of  the  field  study  was  that  instrument  lighting 
levels  were,  in  all  cases,  lower  than  the  currently  proposed  0.1  ft-L  test 
condition.  For  the  pilots'  settings  of  instrument  lighting  levels  when  using 
ANVIS,  luminance  values  ranged  from  0.003  to  0.086  ft-L  for  the  C-141,  C- 
130,  HH-53,  and  OH-6  aircraft.  The  data  collected  on  board  these  aircraft 
seem  to  indicate  that  a  test  condition  luminance  less  than  0.1  ft-L  would 
more  accurately  describe  a  condition  of  operational  usage.  Using  the  mean 
luminance  data  of  Table  16,  the  operational  levels  were  in  the  0.006  to 
0.055  ft-L  range.  This  range  of  values  is  probably  more  "typical"  of  the 
operational  luminances  used  than  the  specified  0.1  ft-L  test  condition. 

These  calculated  mean  values,  however,  are  dependent  upon  the  location  of 
measurement  on  the  front  instrument  panel.  Interpretation  of  these  values 
must  be  considered,  with  individual  data  points  used  in  the  calculations. 

Luminance  uniformity  requirements  of  the  currently  proposed  specification 
are  expected,  generally,  to  contribute  to  lower  luminance  level  settings 
than  are  present  with  instrument  panels  of  broader  luminance  distribution. 

The  specification  (paragraph  3.3.5.2)  states  that  the  luminance  ratio 
between  lighted  instruments  shall  be  no  greater  than  1.75  to  1.  It  is 
notable  that  the  OH-6  aircraft  instrument  lighting  does  not  meet  this 
requirement.  For  the  0.030  ft-L  and  0.086  ft-L  (Table  12)  measurements, 
the  luminance  ratio  is  2.87  to  1.  Similarly,  the  C-141,  C-130,  and  HH-53 
aircraft  do  not  meet  this  requirement. 


CONCLUSIONS 

The  effect  of  a  preadapting  ANVIS  display  luminance  results  in  a  significant 
increase  in  primary  instrument  lighting  levels  set  by  pilots;  however,  this 
increase  is  small  when  compared  to  the  change  in  preadapting  luminance. 

When  preadapted  to  the  ANVIS  display  luminance  (1.0  ft-L)  an  increase  in 
instrument  lighting  levels,  by  a  factor  of  1.6  may  be  expected  when  conpared 
to  instrument  lighting  levels  set  following  a  preadaption  condition  of 
moonlight  (0.00065  ft-L  ambient). 

There  seems  to  be  reasonable  evidence  to  indicate  that  the  current  luminance 

test  condition  of  0.1  ft-L  is  higher  than  instrument  lighting  levels  that 

are  typically  encountered  in  the  field.  Luminance  measurements  made  on  board 

the  C-141,  C-130,  HH-53,  and  OH-6  aircraft  show  lighting  levels  to  be 

generally  less  than  0.06  ft-L  and  to  contain  luminances  in  the  0.003  to 

0.086  ft-L  range. 

* 
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APPENDIX  A 
NIGHT  VISION  TEST 

The  current  AAMRL  Night  Vision  Test  (NVT)  determined  luminances  required  for 
ths  threshold  acuity  of  Snellen  characters.  The  subject  was  required  to 
identify  the  orientation  (up,  down,  right,  left)  of  characters  presented 
after  adjusting  luminance  to  a  required  level. 

The  threshold  luminance  required  for  the  recognition  of  a  target  of  2.5 
minute  visual  angle  (20/50)  is  shown  in  Table  A.1  for  each  of  the  eight 
subjects.  The  luminance  level,  as  set  for  the  legibility  of  the  airspeed 
instrument  is  also  included  in  this  table.  The  calculated  mean  is  0.016  ft-L 
with  a  standard  deviation  of  0.005  for  the  eight  subject  values.  All 
individual  subject  data  is  within  two  standard  deviations  of  the  subject 
population  mean. 

No  statistical  correlation  between  the  AAMRL  Night  Vision  Test  data  and  the 
laboratory  study  data  was  found  (r=0.07,  p=0.8631). 


TABLE  A.1  NIGHT  VISION  TEST  DATA  FOR  TARGET  OF  2.5  MINUTE  VISUAL  ANGLE  AND 
LABORATORY  LUMINANCE  DATA  FOR  SUBJECT’S  SETTING  OF  THE  AIRSPEED 
INDICATOR  LIGHT  ALONE. 


SUBJECT 

NUMBER 

NVT  LUMINANCE 
(ft-L) 

AIRSPEED  LUMINANCE  ALONE  NUMBER 
FOR  0.00065  ft-L  AMBIENT  (ft-L) 

1 

0.019 

0.0075 

2 

0.021 

0.0011 

3 

0.013 

0.0011 

4 

0.006 

0.0024 

5 

0.013 

0.0052 

6 

0.016 

0.0045 

7 

0.015 

0.0091 

8 

0.021 

0.003 
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APPENDIX  B 

SUBJECT  STATION  INSTRUMENT  PANEL  LIGHTING 


All  of  the  front  instrument  panel  utilized  electroluminescent  lighting. 
Individual  components  used  to  illuminate  the  simulator  instruments  are 
described  in  Table  B.l. 

Luminance  measurements  of  edge-lit  panel  lights  were  made  at  rated  component 
voltage.  These  data,  listed  in  Table  B.2,  describe  the  luminance  uniformity 
of  various  edge-lit  panels.  The  Weapons  Panel  knob  was  used  to  describe  the 
luminance  of  the  edge-lit  panel  lighting  group  for  subject  data  listed  in 
the  laboratory  results  section.  Luminance  measurements  at  other  locations 
are  also  shown  in  this  table.  Each  table  entry  is  the  average  of  3 
measurements . 

Luminance  measurements  of  the  12  engine  instrument  gauges  (photographic 
pictures)  were  made  with  flood  lighting  at  rated  voltage.  Each  value  listed 
in  Table  B.3  represents  a  luminance  measurement  of  a  single  instrument 
pointer  in  the  engine  instrument  cluster.  The  Fuel  Flow  engine  instrument 
pointer  (row  2,  column  3  in  the  table  below)  was  used  to  describe  the  flood 
lighting  luminance  for  subject  data  given  in  the  results  section  of  this 
report. 

Luminance  measurements  of  the  individual  primary  instruments  are  shown  in 
Table  B.4.  The  index  marker  of  the  barrel  readout  was  used  as  the 
measurement  point  for  the  airpeed  instrument.  All  other  primary  instrument 
lighting  levels  may  be  expressed  relative  to  this  measurement  location. 
Contrast  was  calculated  by  the  formula  provided  in  MIL-L-27160C  (USAF): 
C=(B2-Bl)/l3l,  where:  B2  is  the  luminance  of  the  white  or  gray  area  and  Bl  is 
the  luminance  of  the  black  area.  A  loss  of  contrast,  seen  as  cloudiness  on 
the  instrument  face,  is  measured  for  instruments  using  the  Lumicon  Wedge 
lighting  component.  The  contrast  of  the  Attitude  Direction  Indicator 
Instrument  indicia  is  notably  poor. 

The  chromaticity  coordinates  of  all  individual  lighting  components  were 
modified  to  comply  with  the  proposed  AN/AVS-6  lighting  compatibility 
specification.  Color  coordinates  of  the  modified  lighting  components  are 
shown  in  Table  B.5.  A  graph  of  the  modified  C.I.E.  chromaticity  coordinates 
is  shown  in  Figure  B.l. 

All  luminance  data  described  in  the  laboratory  results  section  of  this 
report  were  calculated  from  voltages,  using  the  digital  voltage  readout 
located  at  the  experimenter's  station.  Figure  B.2  shows  the  relationship 
between  voltage  and  luminance  for  various  lighting  groups.  These  curves 
show  that  measurement  of  voltage  input  to  a  lighting  circuit  does  accurately 
and  precisely  track  luminance.  The  luminance  range  containing  the  least 
accuracy  is  the  region  of  the  curve  with  the  largest  slope.  For  Figure  B.2, 
showing  the  voltage  to  luminance  relationship  for  measurement  of  the 
Airspeed  Instrument  barrel  readout,  the  largest  slope  is  in  the  80.0  to 
115.0  volt  range.  The  corresponding  luminance  is  in  the  0.006  to  0.012  ft-L 
range.  For  a  change  of  .1  volts  (accuracy  of  voltage  readout  at  the 
experimenters  station)  the  change  in  luminance  is  0.00002  ft-L.  This 
accuracy  is  an  order  of  magnitude  better  than  needed  for  purposes  of  this 
experiment. 
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Photometric  measurements  were  made  to  ensure  that  the  lighting  components 
and  their  corresponding  power  supplies  were  stable  with  time.  It  was 
also  determined  that  power  supply  loading  effects,  created  by  the  use  of 
various  lighting  groups,  were  negligible. 

Reflectance  characteristics  of  the  photographic  pictures  were  measured. 

The  reflectance  of  white  indicia  elements  was  51%.  The  reflectance  of  black 
indicia  elements  was  16%.  The  resulting  contrast  was  C=2,2. 


TABLE  B.1  LIGHTING  COMPONENTS  USED  FOR  ILLUMINATION  OF  THE  PRIMARY 
INSTRUMENT  CLUSTER. 

Description  Manufacturer /Model  Instrument  Illuminated 


3  Inch  Ring  Bezel 
3  Inch  Ring  Bezel 
Lumicon  Wedge 
Lumicon  Wedge 


Midland  Ross/PN  20-0187-5 
Midland  Ross/PN  2-00187-5 

Control  Products/  - 

Control  Products/  - 


Airspeed  Ind. 

Altimeter  Ind. 

Attitude  Direction  Ind. 
Horizontal  Situation  Ind, 


TABLE  B.2  LUMINANCE  UNIFORMITY  OF  EDGE-LIT  PANEL  LIGHTING  AT  MEASUREMENT 
POINTS  ON  VARIOUS  EDGE-LIT  PANELS. 


Panel#  Indicia/Location  Mean  (ft-L)  S 


1 

"J"  of  "JET" 

0.073 

(0.006)* 

2 

"H"  of  "HUD" 

0.072 

(0.019) 

3 

"D"  of  "Down  Lock  Override" 

0.106 

(0.014) 

4 

"R"  of  "Release  Mode" 

0.141 

(0.004) 

4 

'•Weapons  Panel  Knob" 

0.307 

(0.027) 

5 

"S"  of  "Sys" 

0.072 

(0.007) 

♦STANDARD  DEVIATION  IN  PARENTHESIS 


TABLE  B.3  LUMINANCE  UNIFORMITY  OF  ENGINE  INSTRUMENT  ILLUSTRATIONS,  IN  ft-L 


Row#/Column# 

1 

2 

3 

4 

1 

0.0075 

0.0121 

0.0112 

0.0115 

2 

0.0144 

0.0110 

0.0088 

0.0089 

3 

0.0075 

0.0071 

0.0034 

0.0043 

TABLE  B.4  LUMINANCE  UNIFORMITY  AND  CONTRAST  CALCULATIONS  FOR  THE  PRIMARY 
INSTRUMENT  CLUSTER. 


Instrument 

Indicia/Location 

Luminance 

white/gray 

(ft-L) 

black 

Contrast 

Attitude  Ind. 

tick  mark  at 

3  oclock 

0.0064 

0.0048 

0.3 

"O"  at  bottom 

0.0052  (gray)  0.0045 

0.3 

"M"  near  top 

0.0092  (gray)  0.0089 

0.03 

Hor.  Sit.  Ind. 

upper  portion 

0.0155 

0.0031 

4.1 

upper  portion 

0.0122 

0.0026 

3.6 

lower  portion 

0.0545 

0.0206 

15.3 

lower  portion 

0.0329 

0.0022 

14.3 

Airspeed  Ind. 

1  knot 

0.00752 

0.0004 

19.9 

150  knots 

0.0059 

0.0004 

15.5 

300  knots 

0.0032 

0.0004 

6.8 

450  knots 

0.0091 

0.0006 

15.3 

index  mark 

0.0142 

TABLE  B.5  COLOR  COORDINATES  FOR  INDIVIDUAL  LIGHTING  COMPONENTS  AFTER 
MODIFICATIONS  MADE  TO  COMPLY  WITH  THE  AN/AVS-6  LIGHTING 
SPECIFICATION. 


Lighting  Component 

CIE  Coordinates 
x  y 

Graph  Symbol 

Grimes  Full  Circular  Bezels 

0.251 

0.544 

□ 

Lumicon  Bezel 

0.213 

0.532 

o 

Glare  Shield  Floods 

0.277 

0.529 

0 

Edge  Lit  Panel 

0.275 

0.651 

A 
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.1  .2  .3  ,4  .5  .6  .7  .8 


X 

.1.  Modified  Color  Coordinates  of  Individual  Lighting  and  the 
Color  Limits  Defined  by  the  Proposed  AN/AVS-6  Lighting 
Compatibility  Specification. 


253 


AIRSPEED  ALONE 
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Figure  B.2  Voltage  Versus  Luminance  Relation  for  Various 
Light  Groups  Used  in  the  Subject  Station 


APPENDIX  C 

INSTRUCTIONS  TO  SUBJECTS 


The  following  instructions -were  read  to  each  subject  before  the  start  of  the 
experiment: 

"The  purpose  of  this  experiment  is  to  determine  the  lighting  levels  that  you 
require  for  reading  aircraft  instruments  when  using  Night  Vision  Goggles. 

Consider  the  following  mission  scenario  for  the  purpose  of  this  experiment: 
You  are  flying  at  night,  at  low  level,  and  you  are  using  night  vision  goggles 
or  unaided  human  vision  to  see  ground  terrain  features  outside  of  the 
aircraft.  It  is  required  that  you  read  the  airspeed  instrument  by  glancing 
down  from  view  of  the  hypothesized  external  scene.  It  is  your  intention  to 
set  instrument  lighting  to  a  minimum  level  in  order  to  avoid  detection  by 
adversaries.  It  is  also  required  that  you  read  the  airspeed  instrument 
within  2  seconds  of  the  time  that  you  glance  down. 

Prior  to  testing,  you  will  be  dark  adapted.  To  accomplish  this,  you  will  be 
required  to  r  ana  in  in  a  darkened  rocm  for  a  period  of  30  minutes.  Following 
this  period  the  data  collection  will  begin. 

Before  each  trial  you  will  be  required  to  view  a  simulated  moonlight 
condition  or  a  simulated  ANVIS  display  for  a  period  of  1.5  minutes.  Look 
directly  at  this  preadapting  light  source.  Following  exposure  to  the 
lighting  condition,  you  will  make  adjustments  of  the  front  instrument  panel 
lighting. 

In  the  first  trial  you  will  be  asked  to  adjust  the  airspeed  instrument  light 
to  a  level  that  you  feel  is  necessary  to  read  the  pointer  and  barrel  readout. 
After  reading  the  airspeed  in  knots  the  luminance  will  be  recorded  and  the 
instrument  dimmed  to  the  off  position. 

In  the  second  trial  you  will  adjust  three  groupings  of  front  instrument 
panel  lighting.  Start  by  slowly  increasing  the  primary  instrument  cluster 
lighting  until  you  can  read  the  airspeed  instrument.  Next,  turn  up  the  edge 
lit  panel  lighting  until  you  can  identify  the  location  of  switches,  knobs 
and  other  controls  on  the  front  instrument  panel.  Next,  adjust  the 
instrument  panel  flood  lighting  until  the  pointer  orientations  of  the  engine 
instrument  cluster  are  readable.  Finally,  make  any  adjustments  to  the 
primary  instrument  lights  that  you  feel  are  necessary  to  compensate  for 
effect  of  the  other  instrument  lighting  groups.  You  will  then  be  asked  to 
read  airspeed  in  knots.  The  luminance  of  the  lighting  groups  will  be 
recorded  and  the  lighting  dimmed  to  the  off  position. 

All  subsequent  trials  will  proceed  in  the  same  manner  as  the  ones  that  I 
have  just  described.  Take  time  now  to  memorize  the  location  and  function  of 
the  three  lighting  groups  and  their  corresponding  dimmer  potentiometers." 

After  the  subject  became  familiar  with  the  lighting  the  experimenter  asked: 
"Are  there  any  questions  before  we  begin  the  dark  adaptation  period?" 
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APPENDIX  D 

PHOTOMETRIC  MEASUREMENT  PROCEDURES 


LUMINANCE  MEASUREMENTS 

The  method  used  to  measure  photometric  brightness  (reference  15)  of  aircraft 
instruments  is  described  as  follows: 

1-  A  22  inch  focal  length  achromat  lens  was  placed  over  the  standard 
objective  lens  to  decrease  the  measurement  field  size. 

2-  A  measurement  field  size  was  selected  that  was  about  1/2  the  stroke 
width  of  the  indicia. 

3-  Luminance  measurements  were  taken  by  orienting  the  optical  head 
to  place  the  measuring  field  within  the  instrument  indicia. 

ILLUMINANCE  MEASUREMENTS 

The  method  used  to  measure  illuminance  is  based  on  the  use  of  an  external 
reflectance  standard,  which  has  a  diffuse  reflectance  of  nearly  100%  (the 
RS-1  reflectance  standard).  The  method  is  based  on  the  fact  that  the 
luminance  (in  foot-Lamberts)  of  a  perfectly  Lambertian  diffusing  surface  is 
numerically  equal  to  the  illuminance  (in  foot-candles)  which  falls  on 
its  surface.  The  procedure  is  as  follows: 

1-  The  reflectance  standard  plaque  was  placed  over  the  front  instrument 
panel  in  the  same  plane  as  the  instruments. 

2-  The  photometer  optical  head  was  oriented  at  approximately  45  degrees 
to  the  surface  of  the  plaque. 

3-  The  luminance  of  the  plaque  was  measured. 

4-  The  luminance  reading  (in  foot-Lamberts)  was  converted  to  illuminance 
(in  foot-candles)  using  the  following  formula: 

Illuminance  (in  foot-candles)  =  Luminance  (in  foot-Lamberts)  /R 
where  R=1  and  is  defined  as  the  absolute  reflectance  factor  of  the 
plaque 
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APPENDIX  E 

AIRSPEED  SIMULATOR  INSTRUMENT  CHARACTER  SIZE 

The  visual  acuity  required  for  legibility  of  characters  on  the  cylinder 
readout  was  calculated  to  be  a  3.0  (20/60)  minute  visual  angle  by  using  the 
stroke  width  of  the  character  and  a  viewing  distance  of  27  inches. 


Because  the  character  stroke  width  is  not  equivalent  to  1/5  the  character 
eight  and  because  the  character  width  is  not  equal  to  character  height  (the 
requirement  of  a  true  Snellen  character),  this  calculated  value  is  only 
a  rough  estimate.  x 


The  size  of  various  indicia  for  the  airspeed  simulator  instrument,  in 
inches,  was  measured  as  follows: 

dial  characters  h=9/32,  w=6/32,  stroke  width=3/64 

pointer  (white  portion)  w=3/32,  L=1  4/32 

cylinder  digital  readout  w=l/32,  h=5/32,  stroke  width=3/128 
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SUMMARY 

ProPer  1f9htin9  °,f  aircraft  instruments,  panels,  controls,  indicators, 
and  displays  is  essential  m  high  performance  aircraft.  The  lighting  must  be 
useable  over  a  large  range  of  ambient  conditions;  especially  during  dawn  or 
dusk  transitions  and  at  night.  It  must  be  uniform,  have  low  glare,  and  be 
continuously  dimmable  to  very  low  luminance  levels,  so  the  pilot  dan  become 
partially  dark  adapted  for  good,  out-of-the-eoekpit  vision.  Various  aspects 
of  cockpit  lighting  such  as  intensity  levels,  contrast,  luminance  and  color 
uniformity,  red  versus  white  versus  blue-green  general  lighting,  color 
coding,  and  other  parameters  are  discussed.  Daytime  lighting  requirements 
will  be  noted  throughout  the  paper  because  they  are  an  important  part  of  the 
overall  design  of  the  lighting  system. 

^  special  area  of  interest  is  night  vision  goggle  compatible  cockpit 
lighting.  As  night  missions  evolve,  night  vision  goggles  {NVGs)  are  being 
used  with  greater  frequency.  The  characteristics  and  usage  of  NVGs  are  over¬ 
viewed.  Methods  of  achieving  night  vision  goggle  compatibility  in  the  cockpit 
using  filtered  incandescent  lamps,  external  bezels,  floodlighting,  light- 
emitting  diodes,  electroluminescent  lamps,  microlouver  material,  and  black 
flight  suits  are  described. 


COCKPIT  LIGHTING 

Instruments,  panels,  switches,  controls,  indicators,  and  displays  must  be  visible 
^f^Ie*raP9e  °J,  ambient  lighting  conditions.  Ambient  illumination  ranges 
.  f°ot  candles)  unobscured  sunlight  at  altitude  to  a  moonless,  overcast 

Sk3*  1S  approximately  10  lux  (1G“^  foot  candles).  In  the  daytime,  instru- 

p*nels  utlillze  th?  natural  ambient  light  to  be  visible,  whereas  multifunction 
displays  and  annunciator  signals  must  have  high  luminous  output  and  good  contrast  to 
compete  with  the  sun.  Another  demanding  ambient  condition  occurs  during  dawn  and  dusk 
transitions.  The  cockpit  can  be  in  very  dark  shadows  while  the  pilot  is  still  viewing 
a  very  bright  outside  scene.  The  human  eye  can  adapt  to  scenes  that  have  about  a  100 
to  X  luminance  range,  while  a  dawn/dusk  situation  easily  exceeds  1000  to  1.  Depending 
on  the  sun  angle,  the  pilot  will  turn  the  cockpit  lighting  to  maximum,  which  is  only  1 
^ *cot  Lamberts  (ft-L)  for  instruments  and  panels.  Fortunately,  this  condition  is 
of  short  duration.  As  the  ambient  illumination  lowers,  the  pilot  dims  the  cockpit 
lighting  levels  to  reduce  internal  windscreen  glare  and  increase  his  out-of-the-cockpit 
vision. 

circuits  are  required  to  compensate  for  variations  in  the  ambient  illumi- 
mi?s*?ns'  individual  pilot  differences  and  preferences.  Old  style 
lihilitJ  dlscrebe  position  switches  that  usually  resulted  in  poor  control- 

ii^y'r,.^»ntinUOi Sly  TaFlable  dimming  is  now  used  in  most  modern  aircraft.  Since 
subiect-i  loga«fithmic  changes  in  luminance  as  near  linear-like  changes  in 

„  J  XX  l  '  „thfu dimming  circuits  should  vary  luminance  logarithmically.  To 
tailed  From  *-hB1f9Kh0TUt  the  *”1X5®  ambi®nt  range,  good  controllability  must  be  iain- 
mTT-r  S7,?nl  fa/lmU^  tJh-roagh  about  °-001  ft~L  minimum  before  extinguishing 

is  var'ill  mX.tLated  d^n9  is  tracking.  As  instrument  and  panel  lighting 

bSoh  master  control,  individual  units  should  appear  close  in  brightness  to 

if  L ^fmoo'rrUV1^ s  is  eSp@c  ^  ritical  ln  the  yery  lw  luminance  cange.  For  example, 
if  an  important  instrument  is  dimmer  than  the  others,  a  pilot  will  often  turn  up  the 

SefL  ^StBCrntr»n\  Unt,U  it1  ,is  .read?ble'  but  the  rest  If  the  instrument  sufte  would 
entirl  olovo?.  Ii  °J5ly  Wl11  this  increase  glare  and  internal  reflections,  but  the 
rh aiso  acts  as  an  adaptive  field  to  the  eyes.  The  higher  the  adaptive 
f^®fd'  the  -less  sensitive  the  eyes  will  be  to  faint  (near  threshold)  out-of-the-cockpit 
VS  ,  th.®Se  reasons  that  the  lower  a  cockpit  can  be  uniformly  dimmed,  the 
Xh  external  vision.  To  this  end,  some  aircraft  have  individual  dimmers,  acces- 
oilil  by  maintenance  personnel,  to  balance  out  the  lighting.  When  a  new  instrument  or 
installed,  rebalancing  may  be  required.  Unfortunately,  this  balancing 
fc^me  co"sumin3  and  h®s  to  be  done  at  night  by  at  least  two  people.  Also, 
requirements  can  reflect  individual  pilot  visual  differences  or  preferences 

the1individia?ntr?ircraffc  a^®>  llown  by  d*fferent  pilots  on  any  given  mission.  Ideally, 
Lvidual  trimmers  would  be  accessible  to  the  pilot,  but  the  additional  controls 
contribute  to  the  complexity  of  the  cockpit. 

bv  this  .VtCiify  °a°.CnkpiX,  Xi?btin9  requirements,  a  field  study  was  conducted 

Y'  fc  Eslrn  APB,  Florida.  The  study  measured  several  qualities  that 

dar  k^dalrid  9f^rVl^1?n  a*id  ,n19h.tin9’  Seven  Pilots  served  as  subjects.  Each  pilot  was 
either  an  ^1?  nr  p  30  mrnutes.  He  then  put  on  red  goggles  and  was  taken  to 

either  an  F-15  or  F-16  aircraft  that  was  located  at  a  dark,  remote  section  of  the 
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field,  away  from  lights.  The  pilot  was  seated  in  the  aircraft,  then  instructed  to 
remove  his  goggles  and  adjust  the  cockpit  lighting  to  his  normal  nighttime  settings. 
The  windscreen  was  in  the  lowered  position.  The  pilot  then  replaced  his  goggles  and 
moved  to  a  waiting  area.  Photometric  equipment  was  then  installed  and  luminance 
measurements  of  the  pointers  were  taken  on  the  airspeed,  ang le-of-at tack ,  attitude 
direction  indicator,  horizontal  situation  indicator  (HSI),  altimeter,  vertical  velocity 
indicator,  revolutions  per  minute  (RPM),  and  temperature  gauges.  Mean  instrument 
luminance  readings  (both  aircraft)  ranged  from  0.04  to  0.023  ft-L.  The  lowest  reading 
was  0.003  ft-L  and  the  highest  was  0.089  ft-L. 

The  tests  were  followed  up  by  a  questionnaire  on  cockpit  lighting.  All  of  the 
pilots  felt  the  dimmers  for  these  two  aircraft  had  good  controllability  in  the  low  end 
and  the  instruments  could  be  dimmed  as  low  as  needed.  Most  pilots  adjusted  the  main 
instruments  to  slightly  higher  levels  than  the  side  consoles.  They  preferred  to  read 
important  main  instruments,  but  with  other  instruments  (such  as  RPM),  they  looked  at 
pointer  position  only  and  these  were  often  set  at  lower  levels.  Variations  in  lumi¬ 
nance  among  instruments  (balance)  caused  higher  than  desired  setting.  For  example,  the 
HSI  had  a  poorly  illuminated  tumbler  readout.  Due  to  its  importance,  the  pilots  turned 
up  the  master  dimmer  so  they  could  read  the  numbers,  which  in  turn  caused  higher 
luminances  and  increased  windscreen  reflections.  Maximum  obtainable  luminance  settings 
were  judged  adequate.  They  were  used  for  pre-  and  post-flight  checks  and  dawn/dusk 
transitions.  The  side  console  panels  created  the  most  glare  and  reflections.  Pilots 
often  used  small  amounts  of  floodlighting  to  even  out  the  cockpit  illumination.  As 
indicated  by  the  data,  dark  adapted  pilots  set  their  instruments  very  low,  thus 
verifying  the  minimum  luminance,  uniformity,  and  controllability  requirements  set  forth 
in  MIL-L-87240. 

Contrast  is  as  important  a  requirement  as  luminance  and  dimming.  Except  for  color 
coding,  instrument  and  panel  surfaces  are  matte  black  with  white  markings,  which  yields 
the  highest  contrast  over  a  large  range  of  viewing  conditions.  Contrast  is  usually 
defined  in  military  specifications  as  the  difference  between  the  scale  and  background 
luminances,  divided  by  the  background  luminance.  A  contrast  of  12  is  typical  for  white 
markings  and  pointers  on  black  backgrounds.  A  contrast  of  five  is  recommended  for 
white  on  gray.  Higher  contrasts  can  be  obtained  by  varying  paints  or  using  filters. 
However,  very  high  contrast  at  night  is  not  recommended  since  it  can  induce  a  visual 
illusion  termed  the  autokinetic  effect.  Bright  light  sources  (especially  point 
sources)  that  have  very  dark  surrounds  may  appear  to  be  floating  or  moving  when  in  fact 
they  are  stationary.  Early  lighting  systems  had  luminescent  paint  markings  on  a  black 
background  and  were  floodlighted  with  ultraviolet  light.  Besides  causing  eye  strain 
and  increasing  the  risk  of  cataracts,  the  instruments  had  extremely  high  contrast, 
which  had  the  undesirable  result  of  inducing  the  autokinetic  effect. 

Over  the  past  20  years,  cockpit  lighting  colors  have  changed  from  red,  to  white, 
and  now  most  recently,  blue-green  for  night  vision  goggle  compatibility.  Red  was  used 
to  help  maintain  the  pilot’s  partial  dark  adaptation  because,  at  that  time,  out-of-the- 
cockpit  vision  was  very  important.  There  were  several  disadvantages  which  included  eye 
strain  and  focusing  problems  that  caused  fatigue  over  time.  Color  coding  of  maps  and 
instruments  was  also  limited.  As  the  pilots'  eyes  began  to  be  supplemented  by  radar 
and  other  sensors,  white  lighting  began  to  be  employed.  The  main  advantages  of  using 
white-lighted  instrumentation  were  lower  eye  fatigue,  higher  visual  resolution,  and 
more  effective  use  of  color  coding.  For  modern  fighter  aircraft,  the  US  Air  Force  uses 
white  lighting.  Night  vision  goggle  compatible  lighting  is  blue-green  because  the  red 
and  infrared  components  have  been  eliminated  due  to  their  interference  with  the 
goggles. 

When  the  pilot  is  looking  out  of  the  cockpit  at  night,  the  instrument  and  panel 
luminances  act  as  an  adapting  field.  Different  average  adapting  luminances  cause 
corresponding  threshold  changes,  or  levels  of  partial  dark  adaptation,  for  detecting  a 
faint  stimulus  like  a  distant  aircraft  light.  The  color  of  any  given  field  luminance 
also  affects  the  eye's  level  of  dark  adaptation.  Smith  and  Goddard  (1967)  measured  the 
effect  of  cockpit  lighting  color  on  dark  adaptation.  The  50  percent  probability  of 
detection  thresholds  and  90  percent  confidence  limits  were  calculated.  For  a  given 
adaptive  luminance  field,  the  probabilities  of  detecting  the  presence  of  a  200  micro 
ft-L  stimulus  were  approximately  0.935  for  red,  0.54  for  white,  and  0.3  for  green 
lighting.  The  difference  between  thresholds  after  exposure  to  a  green  adaptive  field 
versus  the  red  field  was  statistically  significant.  Green  versus  white  and  white 
versus  red  comparisons  showed  no  statistically  significant  differences  between 
detection  thresholds.  It  should  be  noted  that  the  experimental  setup  used  a  flood¬ 
lighted  instrumentation  panel  which  resulted  in  a  large  illuminance  of  the  retina  that 
would  not  be  found  in  an  edge-lighted  suite.  Also,  the  difference  between  the  pure  red 
and  green  conditions  are  a  worst-case  condition  not  usually  found  in  a  regular,  color- 
coded  (mixed  colors)  cockpit.  Both  of  these  factors  caused  larger  threshold 
differences, than  would  be  expected  in  a  real  cockpit.  From  an  operational  standpoint, 
it  is  unlikely  that  different  colors  cause  a  significant  decrement  in  the  pilot's 
ability  to  detect  faint  lights  outside  of  the  cockpit,  especially  when  considering  the 
variability  among  crew  members'  vision  and  the  large  amounts  of  light  emitted  from 
populated  areas.  Also,  the  broadband  nature  of  white  and  blue-green  lighting  seems  to 
contribute  to  the  reduction  of  visual  fatigue  over  long  periods  of  use. 

Another  important  factor  to  consider  is  the  effect  color  has  on  visual  resolution, 
which  relates  directly  to  the  visibility  of  small  details  within  the  cockpit.  Figure  1 
shows  the  smallest  resolvable  grating  (half  cycle  in  arc  minutes)  as  0.55  for  red. 
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®*A7-6  for  whiA?r  and  °*466  f?r  95een,  which  is  an  operationally  non-significant 
difference.  The  crew  members*  ability  to  resolve  the  relatively  large  lettering, 
pointers,  scales,  etc.,  is  not  effected,  though  the  appearance  of  color  coded  markings, 
flags,  or  maps  may  be  changed  when  viewed  under  various  colors.  Fine  detail  in  maps 
would  be  more  visible  under  white  and  green  illumination. 
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Figure  1.  Visual  acuity  and  illuminant  wavelength. 

The  specification  of  color  has  undergone  numerous  changes.  An  early  color 
matching  scheme  was  devised  by  Munsell,  which  is  still  in  use  today.  It  consists  of  a 
large  set  of  standardized  color  chips.  Matching  of  a  test  sample  to  the  chips  was 
performed  under  the  same  illuminant.  The  drawbacks  of  this  system  were  that  matching 
varied  from  observer  to  observer  and  that  it  was  a  slow  process  to  be  performed 
routinely. 


In  1931,  the  International  Commission  on  Illumination,  or  Commission  Inter¬ 
nationale  de  1  *Eclai rage  (C IE),  devised  a  method  to  specify  color  matching  that  used 
the  actual  physical  measurement  of  the  spectral  energy  distribution  (SED)  curve  instead 
of  through  subjective  visual  methods  such  as  that  used  by  the  Munsell  system.  The  SED 
curve  is  the  relative  energy  output  of  a  filtered  or  unfiltered  light  source  plotted  as 
a  function  of  wavelength.  The  CIE  system  is  based  on  the  tri variance  of  vision,  which 
is  the  physiological  fact  that  any  monochromatic  light,  is  equivalent  to  the  algebraic 
sum  of  suitable  amounts  of  three  reference  lights  or  primaries.  The  actual  chromati- 
city  is  determined  by  calculating  the  amounts  of  the  three  primaries  required  by  a 
standard  observer  to  obtain  a  visual  match. 


Figure  2  shows  the  spectral  tristimulus  values  for  the  1931  standard  observer. 
Note  that  the  y  curve  is  the  photopic  curve,  which  is  the  subjective  human  visual 
response  to  light  as  a  function  of  wavelength,  or  color.  The  x  and  z  primaries  do  not 
physically  exist,  but  were  formulated  to  avoid  negative  colors. 


Figure  2.  Spectral  tristimulus  values  for  the  1931  standard  observer. 
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To  calculate  the  CIE  color  coordinates,  each  tristimulus  curve  {Figure  2)  is 
individually  multiplied  by  the  measured  SED  curve  of  the  sample  under  consideration, 
and  then  integrated  over  wavelength,  the  resultant  values  of  which  are  denoted  by  X,  Y, 
and  Z.  Using  these  values,  Equation  1  shows  how  the  chromaticity  coordinates  x,  y*  and 
z  are  calculated.  This  procedure  normalizes  the  chromaticity  values  so  that  x  +  V  +  2 
=  1. 


x 


X 

X  +  Y  +  Z 


Y 

y  =  - '  2 

X  +  Y  +  Z 


Z 


X  +  Y  +  Z 


(1) 


Figure  3  shows  the  1931  CIE  chromaticity  diagram.  There  are  several  features  that 
should  be  noted.  Since  the  coordinates  sum  to  one,  typically,  only  the  x  and  y  values 
are  plotted,  the  z  value  being  determined  by  the  others  {two  degrees  of  freedom).  The 
upside  down  u-shaped  part  of  the  curve  represents  the  100%  saturated,  pure  spectral 
colors,  which  are  defined_by  a  single  wavelength,  as  labeled.  This  curved  line  is 
derived  by  taking  the  x,  y,  and  z  tristimulus  values  for  each  separate  wavelength  of 
the  standard  observer  (Figure  2),  and  calculating  the  x,  y,  and  z  chromaticity  coordi¬ 
nates  using  Equation  1,  where  x,  y,  and  z  are  substituted  for  X,  Y,  and  Z  respec¬ 
tively.  Another  feature  of  the  diagram  is  that  the  colors  become  pastel,  or 
desaturate,  toward  the  center  until  they  are  white.  The  1931  CIE  color  space  can  only 
show  if  two  colors  match.  Differences  between  two  points  are  nonuniform  with  respect 
to  human  vision.  Tolerances  found  about  a  point  (e.g.,  the  square  box  shown  is  x  - 
0.25  +  0.05,  y  **  0.55  +  0.05),  such  as  those  found  in  some  military  specifications,  are 
misleading  due  to  the  nonuniformity  of  the  1931  color  space. 


x 


Figure  3.  1931  CIE  chromaticity  diagram. 

The  ’nonunif ormity  of  the  1931  color  space  was  investigated  by  MacAdam  (1942).  He 
measured  the  adjustment  precision  for  color  matching  (made  by  one  observer)  at 
relatively  high  luminances.  Figure  4  shows  the  results,  the  best  fit  of  the  data  being 
ellipses.  A  common  error  when  interpreting  the  data  from  this  figure  is  that  the  ax®s 
of  the  ellipses  are  typically  drawn  ten  times  the  size  of  the  standard  deviation  of  the 
actual  data.  MacAdam  estimated  that  the  minimum  detectable  chromaticity  difference  is 
three  t'imes  the  standard  deviation.  Note  the  nonuniformity  among  t’.e  different  color 
regions. 
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In  I960,  the  Uniform  Chromaticity  Spacing  (UCS),  as  shown  in  Figure  5,  was  adopted 
in  an  attempt  to  make  the  color  space  more  homogeneous  with  respect  to  human  visual 
perception.  The  chromaticity  coordinates  were  designated  u  and  v.  Note  the  square  box 
from  Figure  3  has  been  plotted  on  the  UCS  diagram  and  it  now  appears  quite  different. 
Figure  6  shows  MacAdam's  ellipses  plotted  on  the  UCS  diagram,  where  again  the  ellipses 
are  ten  times  the  standard  deviation  of  the  actual  data.  It  can  be  seen  that,  although 
it  is  nonuniform  in  some  regions,  it  is  very  good  in  view  of  color  sensitivity  varia¬ 
tions  among  individuals  and  is  a  good  compromise  between  accuracy  and  simplicity. 
Tolerances  about  a  point  would  be  specified  as  either  a  circle  or  an  amorphous  area 
that  would  be  empirically  derived. 

The  mathematical  relationship  between  the  CIE  and  UCS  color  spaces  is  defined  by 
Equation  2.  The  x  and  y  CIE  coordinates  can  be  directly  converted  to  u  and  v  UCS 
coordinates.  Modern  color  measurement  equipment  already  performs  these  computations. 
Equation  3  shows  how  to  convert  u  and  v  to  x  and  y  coordinates,  respectively. 


4x 

u  =  - 

-1*  •VYi'j  -V'i 


6y 

v  =  - 

-1*  -v  ^ 


(2) 


3u 

x  =  - 

2(u  +  2  -  4 v) 


V 

y  e  - 

u  +  2  -  4v 


(3) 


In  1976,  the  UCS  diagram  was  further  refined  and  designated  CIE  1976  (u',v‘)  UCS 
diagram,  using  u*  and  v*  coordinates.  It  is  shown  in  Figure  7  with  the  accompanying 
equations  to  convert  from  1960  to  1976  space.  The  mathematical  relationship  between 
the  1976  and  the  1960  spaces  is  u'  =  u  and  v1  =  1.5v.  Again,  note  the  change  of  the 
tolerance  box  shape  as  replotted  in  the  1976  space. 


Figure  7.  CIE  1976  (u',v*)  UCS  diagram. 

Qiven  this  background,  practical  applications  using  the  CIE  1976  (u’,v*)  UCS 
diagram  can  now  be  discussed  in  some  detail.  Figure  8  shows  the  1931  CIE  space  with 
points  of  blue-green,  green,  and  yellow-green  light  sources  that  represent  candidates 
for  night  vision  goggle  compatible  lighting  applications.  The  distances  among  the 
points  have  little  meaning  due  to  the  nonuniformity  of  the  space  and  may  be  erroneously 
interpreted  as  having  large  perceived  color  differences.  Figure  9  shows  the  same 
points  plotted  in  1976  space.  Distances  among  points  are  now  meaningful  with  respect 
to  visual  perception.  The  perceived  color  differences  can  be  predicted  to  be  small. 
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Figure  8.  Various  greenish  colors  plotted  in  CIE  space. 
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Figure  9.  Same  colors  of  Figure  8  replotted  on  the  CIE  1976  {u*fv*5  UCS  diagram. 

Color  specification  for  aircraft  should  be  defined  in  the  1976  space,  not  the  1931 
space.  'The  defined  chromaticity  areas  should  be  based  on  performance  criteria,  not 
arbitrary  tolerances  or  wholly  aesthetic  qualities.  The  limits  should  be  empirically 
derived,  if  possible.  For  example,  many  specifications  require  one  ft-L  maximum  lumi¬ 
nance  with  chromaticity  tolerances  in  1931  CIE  space.  However,  as  was  shown  earlier, 
operational  instrument  luminances  typically  range  from  0.1  to  0.001  ft-L.  Figure  10 
.  the  perceived  desaturation  of  hue  {color}  as  a  function  of  luminance  {Hunt,  1953} 
m  1976  space.  The  outermost  points  (#1)  are  the  actual  measured  chromaticity  of 
variously  colored  lights  at  314  ft-ti.  As  the  luminances  of  the  lights  were  reduced 


(points  #2  through  #5  were  19,  2.4,  0.8  and  0.09  ft-L,  respectively),  their  perceived 
hue  desaturated.  While  these  colors  appeared  very  different  at  the  higher  luminances, 
at  operational  levels  they  desaturated  and  appeared  more  similar.  An  additional  factor 
is  that  many  basic  color  experiments,  such  as  the  one  constructed  to  derive  the  data  in 
Figure  10,  use  standard  and  test  color  patches  that  are  visually  adjacent.  Very  small 
color  differences  are  easily  detected  using  this  method.  Lights  in  aircraft  are 
usually  separated  by  some  small  distance,  which  also  makes  the  detection  of  the 
(perceived)  desaturated  light’s  color  differences  even  more  difficult.  Given  the  low 
operational  luminances  and  physically  separated  signals  found  in  cockpits,  some 
specified  color  tolerences  may  be  too  restrictive. 


Figure  10.  Perceived  desaturation  of  hue  as  a  function  of  luminance. 

There  are  other  performance  criteria  to  be  considered  when  specifying  color 
tolerances.  Variables  that  affect  performance  include:  operational  luminances,  proxi¬ 
mity  of  light  signals,  ambient  lighting,  chromatici ty,  and  color  coding.  For  empirical 
investigations,  error  rates,  response  times,  fatigue,  and  workload  may  be  used  as 
evaluation  criteria. 

It  has  been  shown  that  the  1931  CIE  space  is  for  matching  colors  only.  The  CIE 
1976  (u*,v*)  UCS  diagram  is  more  appropriate  when  specifying  color  tolerances.  Color 
specifications  and  tolerances  should  be  based  on  performance  criteria,  whenever 
possible. 

Returning  to  other  subsystem  lighting  requirements,  illuminated  pushbuttons  have 
to  be  visible  in  high  ambient  illumination,  as  do  warning,  caution,  and  advisory 
signals.  Several  years  ago,  one  hundred  ft-L  was  common.  Two  to  three  hundred  ft-L 
are  required  to  be  clearly  visible.  These  signal  lights  are  typically  dimmed  to  15±5 
ft-L,  which  is  still  quite  bright  in  a  darkened  cockpit.  At  night,  the  F-15  maintains 
the  master  warning  and  master  caution  lights  at  about  10  ft-L  but  employs  continuous 
dimming  for  all  other  annunciator  lights,  down  to  an  absolute  minimum  of  0.05  ft-L. 
The  annunciator  lights  cannot  be  dimmed  to  extinction.  Pilots  report  that  this  system 
works  very  well  at  night,  especially  when  some  of  the  signals  (e.g.,  landing  gear  down) 
remain  lit  for  relatively  long  periods  of  time. 

Floodlights  are  used  for  pre-  and  post-flight  checks,  as  an  emergency  backup 
system  in  case  of  a  primary  lighting  system  failure,  as  supplemental  or  fill  lighting 
to  the  primary  lighting,  and  during  lightning  storms  to  diminish  the  deleterious  visual 
effect^1  of  the  bright  flashes  of  light.  Aircraft  that  may  be  exposed  to  nuclear 
flashes  have  the  floodlight  system  coupled  to  the  automatic  thermal  protective  closure 
systems  for  anti-dazzle.  The  highest  floodlight  illumination  on  the  main  instrument 
panel  should  be  at  least  100  ft  candles  and  150  ft  candles  for  nuclear  flashblindness 
protected  pilots.  The  higher  illumination  is  needed  because,  even  though  the  protec¬ 
tive  closure  system  (PLZT)  has  been  activated,  it  is  not  instantaneous  and  the  pilot 
may  still  be  exposed  to  a  very  bright  flash.  The  higher  cockpit  illumination  is  needed 
to  maintain  instrument  readability.  Floodlighting  must  be  continuously  dimmable  to 
very  low  levels  before  extinguishing.  They  must  also  have  good,  uniform  coverage  of 
the  entire  suite  with  a  minimization  of  direct  or  reflected  windscreen  glare  and  few 
shadows  on  or  within  the  instruments. 

Head-up  displays  (HUDs)  are  specialized  pieces  of  equipment,  designed  for  specific 
aircraft  and  missions.  To  that  extent,  only  the  F-16  A/B  and  C/D  HUDs  will  be  over¬ 
viewed.  The  F-16  A/B  HUD  has  a  total  field  of  view  (FOV)  of  20  degrees.  The  stroke- 
written  images  must  be  visible  against  a  background  illumination  of  10,000  ft  candles 
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and  have  an  average  luminance  of  the  symbol  lines  of  1,600  ft-L  minimum.  Contrast 
ratio  is  a  minimum  of  1*2:1  which  is  a  0.2  contrast*  Note  that  achievable  contrast  for 
this  display  is  much  lower  than  that  of  painted  instruments.  Dimming  is  controlled  by 
the  cathode-ray  tube  (CRT)  brightness  control  which  is  continuously  variable.  The 
control  of  the  luminance  is  logarithmic  so  the  subjective  impression  of  the  brightness 
changes  is  linear,  A  broad  range  of  luminances  is  achieved  by  the  insertion  of  a  night 
filter  into  the  optical  path  of  the  HUD.  The  CRT  utilizes  a  green  P-1  phosphor. 

The  F— 16  C/D  HUD  differs  from  the  A/B  in  that  it  has  25  degrees  FOV,  and  it  can 
display  a  raster  generated  image,  like  a  television,  with  simultaneously  displayed 
stroke-written  symbology.  The  raster  mode  is  used  to  display  sensor  imagery  such  as 
forward-looking  infrared.  The  luminance  and  contrast  for  the  stroke-written  symbology 
is  the  same  as  the  A/B  HUD.  In  the  raster  mode,  the  HUD  is  capable  of  six  shades  of 
gray  against  a  30  ft-L  background.  Since  this  HUD  has  a  raster  capability,  its  night 
brightness  mode  is  more  difficult  to  achieve.  It  must  be  able  to  clearly  and  uniformly 
display  information  while  not  obscuring  outside  vision  of  a  dimly  lit  scene  such  as  a 
horizon  lighted  only  by  moonlight.  The  veiling,  blank  areas  of  the  raster,  cannot 
exceed  0*02  ft-L.  This  HUD  also  uses  a  green  P-1  phosphor. 

The  F— 16  C/D  also  utilizes  a  CRT  multifunction  display  (MFD)  that  can  display  both 
525  and  875  line  vertical  resolution.  It  is  capable  of  3,000  ft-L  output,  but  is 
attenuated  to  1,000  ft-L  by  the  contrast  enhancement  filter.  Brightness  and  contrast 
compensation  are  automatically  changed  as  a  function  of  ambient  illumination  down  to  15 
ft  candles.  The  unit  also  has  manual  brightness  and  contrast  controls  that  provide  the 
pilot  additional  control  over  the  display.  Symbology  brightness  has  a  separate, 
continuous  control.  The  F-16  A/B  uses  a  radar/electro-optical  CRT  display  that  has  a 
similar  image  display  capability  as  the  MFD  described  above,  with  the  exception  that 
its  peak  output  luminance  is  2,000  ft-L.  Both  displays  utilize  a  P-43  phosphor. 

NIGHT  VISION  GOGGLE  COMPATIBLE  LIGHTING 

To  this  point,  general  and  specific  cockpit  lighting  characteristics  and  require¬ 
ments  for  high  performance  aircraft  have  been  described.  A  special  area  within  this 
subject  is  night  vision  goggle  compatible  (NVGC)  lighting.  Night  vision  goggles  (NVGs} 
are  being  used  with  greater  frequency  for  night  missions.  NVGs  amplify  near  infrared 
(IR)  energy  in  order  to  enable  the  pilot  to  see  at  night.  However,  the  standard 
lighting  in  aircraft  emits  large  amounts  of  IR  which  interferes  with  the  proper 
functioning  of  the  goggles.  The  remainder  of  this  paper  will  describe  the  basic  NVG, 
light  source  characteristics,  lighting  specification,  and  the  methods  that  are  used  to 
achieve  NVG  compatibility  in  the  cockpit. 

NVGs  are  electro-optical  devices  that  detect,  amplify,  and  display  on  a  small 
green  phosphor  screen,  visible  and  near  infrared  energy  from  dimly  illuminated 
nighttime  scenes.  They  look  like  small  binoculars  and  can  be  worn  on  the  aviator's 
helmet.  NVGs  utilize  an  image  intensifier  tube.  As  shown  in  Figure  11,  the  image 
intensifier  tube  has  three  basic  elements!  a  photocathode  for  conversion  of  photons  to 
electrons,  a  microchannel  plate  for  electron  multiplication,  and  a  phosphor  coating  for 
conversion  of  electron  energy  back  to  photons  for  viewing.  The  output  window  is  a 
bundle  of  fiber  optics  constructed  with  a  180  degree  twist  to  yield  a  right-side-up 
image  for  viewing.  The  goggles  have  a  FOV  of  40  degrees  and  their  resolution,  in  terms 
of  human  visual  acuity,  is  about  2  arcminutes  or  20/40.  NVGs  have  an  automatic  gain 
feature  that  adjusts  the  sensitivity  of  the  goggles  to  minimize  bloom  or  wash  out  of 
the  image. 
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Figure 


11. 


Image  intensifier  tube. 
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There  are  several  types  of  NVGs  currently  in  use  (see  Verona,  AGARD-CP-379) .  They 
differ  in  their  optics,  spectral  sensitivities,  and  packaging.  The  Army’s  original 
PVS-5  goggles  were  either  strapped  to  the  helmet  or  worn  on  the  face,  but  peripheral 
vision  was  restricted.  The  PVS-5  goggles  were  then  modified  by  cutting  away  the  lower 
part  for  use  in  rotary  and  fixed-wing  aircraft.  It  must  be  noted  that  aviators  look 
through  the  goggles  at  outside  scenes  and  underneath  them,  using  direct,  unaided  vision 
(as  represented  by  the  photopic  curve.  Figure  12)  to  look  at  their  instrumentation. 
The  modified  version  is  designated  ANV1S-5  and  both  types  used  generation  2  image 
intensifier  tubes,  employing  a  multi-alkali  photocathode.  Another  version  with 
different  optics  and  having  greater  sensitivity  is  designated  generation!  2-plus.  Third 
generation  intensifier  tubes  use  a  gallium  arsenide  photocathode,  have  even  greater 
gain,  and  are  more  sensitive  to  IR  energy  as  available  from  the  night-sky  spectral 
irradiance.  Figure  12  shows  the  relative  sensitivities  of  generation  2  and  3  NVGs,  as 
a  function  of  wavelength.  Note  the  generation  3's  greater  sensitivity  and  shift  toward 
the  IR.  The  figure  also  shows  the  energy  from  the  night-sky  spectral  irradiance,  which 
is  predominantly  in  the  IR.  Figure  12  also  shows  the  spectral  energy  output  of  a 
standard  white  incandescent  lamp.  It  can  be  seen  that  large  amounts  of  energy  are  in 
the  same  region  of  the  goggle's  sensitivity.  This  IR  pollution  causes  glare  and 
reflects  off  the  inside  of  the  windscreen.  The  autogain  adjusts  to  the  higher  input  of 
the  IR  reflections,  making  it  impossible  to  see  the  outside,  lower  energy  scene. 


Figure  12.  The  photopic  curve, 
generation  2  and  3  sensitivities, 
incandescent  lamp  curve,  and 
night-sky  spectral  irradiance. 
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NVG  compatibility  is  achieved  by  removing  the  IR  energy  from  as  many  light  sources 
as  possible.  It  should  be  pointed  out  that,  since  generation  2  goggles  use  part  of  the 
visible  spectrum  as  well  as  the  IR,  100%  NVG  compatibility  is  difficult  to  achieve. 
However,  filtering  the  IR  energy  from  the  lighting  helps  a  great  deal  for  generation  2 
goggles.  Filters  are  often  placed  on  the  goggles  themselves,  but  performance  is 
reduced.  Generation  2  NVGs  require  extra  filtering  but  generation  3  goggles  have 
incorporated  a  minus-blue  filter  that  blocks  out  visible  light  below  580  nanometers. 
Complete  NVG  compatibility  is  achieved  with  generation  3  goggles  when  the  SED  of  the 
cockpit  lighting  does  not  overlap  the  goggle  sensitivity.  The  cockpit  lighting  must 
still  be  visible  to  the  unaided  eye.  The  required  luminance  levels,  as  previously 
described,  apply  to  a  NVGC  lighted  cockpit.  Removal  of  the  red  component  of  white 
light  results  in  the  characteristic  blue-green  colored  NVGC  cockpit.  If  the  outside 
scene  is  bright,  the  NVGs  will  act  as  a  relatively  high  (several  ft-L)  adaptive  field, 
requiring  slightly  higher  average  instrument  luminance  settings  by  the  pilot.  A  NVGC 
lighted  cockpit,  as  seen  through  NVGs,  has  a  greatly  reduced  IR  signature  from  both 
inside  and  outside  of  the  aircraft. 

NVGC  LIGHTING  SPECIFICATION 

The  current  military  specification  for  NVGC  lighting  in  aircraft  is  MIL-L-85762A. 
It  is  a  comprehensive  document  that  addresses  lighting  subsystems  found  within  most 
aircraft.  It  has  established  the  dimmed,  nichttime  luminance  and  illuminance  levels  at 
which  an  article  is  to  be  tested.  Chromatici ties  for  NVGC  green,  yellow,  and  red  have 
been  established  in  1931  CIE  color  space.  Measurement  techniques  and  equations  have 
been  detailed  to  measure  and  calculate  the  luminances,  illuminances,  contrasts  (with 
compensating  multipliers),  spectral  energy  distributions,  and  chromaticity  coordinates 
of  the  lighting  subsystems  in  question.  The  bottom  line  is  that  no  cockpit  light 
energy  (for  instrumentation  at  0.1  ft-L)  can  exceed  1.7  X  10“^  wa t ts/s te r ad ian-cm  , 
which  is  the  ANVIS-weighted  radiance  reflected  by  tree  bark  illuminated  by  starlight 
(see  Breitmaier  and  Reetz,  AGARD-CP-379).  This  value  is  believed  to  be  the  practical 
lower  limit  to  conduct  maneuvers  and  any  cockpit  lighting  that  exceeds  this  might  cause 
interference  with  the  goggles.  It  is  a  stringent  criterion  to  meet  and  lights  that  are 
not  in  the  goggle's  FOV  are  penalized.  Actual  measurement  of  such  low  energy  levels  is 
also  a  practical  problem,  and  requires  specialized  equipment. 

Night  vision  goggle  compatibility  is  defined  as  lighting  that  is  sufficient  for 
the  unaided  eye  to  read  instruments  and  displays  and,  simultaneously,  does  not  inter¬ 
fere  with  the  operation  of  the  NVGs  in  viewing  scenes  outside  of  the  cockpit.  Until 
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recently,  there  were  no  NVGC  light  specifications  to  use  as  guidelines  for  the  manu¬ 
facture  of  the  needed  lighting  equipment.  To  this  end,  a  framework  and  approach  were 
developed  by  this  laboratory  (see  Genco,  AGARD-CP-379)  to  establish  a  more  quantitative 
description  of  NVGC  lighting.  There  are  two  broad  areas  of  NVGC  lighting  that  must  be 
considered.  The  effects  on  direct,  unaided  vision  and  the  effects  on  NVG  performance. 

The  lighting  effects  on  vision  can  be  divided  into  four  desirable  attributes.  (1) 
There  must  be  sufficient  light  to  read  the  instrumentation  and  displays.  (2)  It  is 
preferred  that  color  and  intensity  be  relatively  (perceptively)  uniform.  (3)  If 
possible,  retain  color  coding  and  cueing,  (4)  The  lighting  must  be  suitable  for  non- 
NVG  night  flights. 

Item  1  is  a  hard  requirement,  since  proper  use  of  NVGs  involves  looking  through 
the  goggles  to  see  outside  and  underneath  them  to  directly  view  the  instruments  and 
displays.  However,  one  should  not  immediately  dismiss  the  possibility  of  eliminating 
(turning  off)  all  lights  to  achieve  NVG  compatibility. 

Item  2  is  not  a  hard  requirement,  but  is  highly  desirable.  The  easiest  approach 
to  specifying  this  characteristic  is  to  designate  an  acceptable  area  of  CIE  color 
space.  However,  as  stated  earlier,  CIE  space  is  nonuniform  with  respect  to  visual 
sensation  and  color  perception  is  greatly  reduced  for  the  lighting  levels  of  concern 
for  night  operations.  The  first  fact  implies  that  the  allowed  coordinates,  if 
expressed  in  1931  CIE  space,  will  not  correspond  to  some  symmetric  geometric  shapes 
(i.e.,  square  or  circle).  As  discussed  earlier,  it  is  more  appropriate  to  specify  a 
circular  area  in  the  CIE  1976  space  since  it  relates  more  closely  to  human  visual  color 
discrimination.  The  second  fact  implies  that  the  area  in  1976  or  1931  space  can  be 
relatively  large  because  it*s  just  not  possible  to  easily  perceive  color  differences  at 
these  low  light  levels.  The  exact  area  in  color  space  that  is  allowable  is  subject  to 
discussion. 


Item  3  is  highly  preferable,  but  again,  not  required.  If  the  location  and  light 
level  of  indicator  lights  are  carefully  established,  it  is  possible  to  retain  the  use 
of  red  and  yellow  light  (limited  uses)  without  affecting  NVG  operation.  The  present 
(1931  CIE)  specification  of  these  colors  for  cockpit  use  is  probably  acceptable. 

Item  4  should  probably  be  regarded  as  a  hard  requirement.  It  may  be  accomplished 
by  providing  auxiliary  lighting  for  normal  night  flight  which  can  be  totally  turned  off 
for  NVG  flight. 


The  NVGs  can  be  adversely  affected  in  several  ways?  a  NVG  shutdown  due  to  light 
sources  in  the  field  of  view,  severe  contrast  loss  due  to  reflections  of  light  sources 
in  the  windscreens,  and  loss  of  contrast  due  to  flare  (light  scattering  within  objec¬ 
tive  lens  of  NVGs  due  to  cockpit  lighting).  As  a  result  of  these  effects,  it  is 
proposed  that  the  lighting  be  considered  in  three  categories.  These  three  categories 
are  divided  according  to  the  effect  of  the  lighting  on  the  NVGs.  Category  1  is  for 
lights  that  appear  directly  in  the  FOV  of  the  NVG  when  viewing  outside  the  cockpit. 
Category  2  is  for  light  sources  that  are  located  so  as  to  directly  reflect  in  the 
windscreen.  Category  3  is  for  light  sources  that  are  in  the  cockpit,  generally  adding 
to  the  IR  pollution  (neither  Category  1  nor  Category  2).  To  assess  the  level  of 
compatibility  of  each  of  these  light  sources,  it  is  necessary  to  calculate  (or  measure) 
the  relative  vision  sensitive  light  compared  to  NVG  sensitive  light.  This  is  done  by 
calculating  the  compatibility  ratio  (CR).  The  CR  is  measured  by  calculating  the  ratio 
between  vision  sensitive  light  and  NVG  sensitive  light  as  shown  in  Equations  4,5,6. 
Category  1,  as  depicted  in  Figure  13,  is  probably  the  most  severe  and  will  require  the 
highest  compatibility  ratio.  Category  2  (Figure  14)  is  also  of  considerable  concern, 
but  since  the  windscreen  only  reflects  8- 
10%  of  the  light  incident  on  it,  the 
compatibility  ratio  for  Category  2 

sources  may  be  somewhat  less  than  ^  moon  illuminator 

Category  1.  Category  3  (Figure  15)  is 
the  least  severe  since  it  represents 
general  IR  pollution  in  the  cockpit. 

Note  the  yellow  and  red  indicator  lights  test  pattern 


Figure  13.  Category  1  lighting/goggle  geometry. 
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MOON  ILLUMINATOR 


Figure  14.  Category  2  lighting/goggle  geometry. 


MOON  ILLUMINATOR 


DIFFUSE  REFLECTOR 

(BLACK,  GRAY,  FLIGHT  SUIT  GREEN) 


Figure  15.  Category  3  lighting/goggle  geometry. 
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Compatibility  Ratio  (CR)  calculation: 
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L-85762A)  is  currently  undergoing  revision  that '  ll9htln9  specification  (MIL— 

the  geometric  location  of  color  CRTs  th  fc  takes  lnto  account  (through  weighting) 


NVGC  LIGHTING  TECHNIQUES 

(see  Task  and  Griffin,  December  1982)  ^Primar^iLthods”**01! IR  within  the  cockpit 
filtering  techniques.  Figure  16  shows  the  ll9h,t.  source  selection  and 

incandescent  lamps,  electroluminescent  (EL) h  pane  Is  and  1  ia  h  t  and  filtered 

relation  to  generation  3  NVG  sensitivity  P  Inean^«^«?h?  ttln9  dlodes  (LEDs)  in 
because  of  their  high  IR  output.  Incandesrent  ?=fSSCe  fc  w,amps  need  to  be  filtered 
their  output  varies  as  a  function  of  temperature  fl  *Ce  blac}bo^y  radiators,  thus 
essentially  a  capacitor  with  a  CRT  phosphor  cot  Vi ,?«  th  l  ct^ld  1lht  souroe  that  is 
alternating  electrical  current.  Figure  17  shows  an  ^  9f°»s  when  excited  by  an 

can  be  seen  in  Figure  16,  green  EL  lamps  diagram  of  an  EL  lamp.  As 

LEP  »1„.  ,l=o  well  5tet  ^.^,r,VS7i*2S:  (o'  V’S.  c*rtal" 


Figure  16. 


Xialft  rso^r^r  11^ered -.an^  filtered  incandesces 
light  sources  shown  in  relation  to  generation  3  m 


EL,  and  LED 
sensitivity. 
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Figure  17.  EL  lamp  construction. 

In  addition  to  source  type  and  filtering,  other  methods  are  available  to  make  a 
cockpit  goggle  compatible.  Reflections  on  the  inside  of  the  windscreen  can  be 
controlled  through  the  use  of  microlouver  material,  an  extended  glare  shield,  and  black 
flight  suits.  Microlouver  (ML)  is  a  1/16  inch  plastic  film  developed  by  3M  Corporation 
that  has  numerous  parallel  baffles  at  a  fixed  angle,  very  similar  to  Venetian  blinds 
but  very  small  and  cast  in  plastic.  By  varying  the  baffle  spacing  and  tilt,  the  fan  of 
light  that  is  allowed  through  the  material  can  be  controlled.  ML  comes  in  three  fan 
widths  of  48,  60,  and  90  degrees  and  a  specified  tilt  angle  with  respect  to  the  verti¬ 
cal.  Fan  and  tilt  angles  can  be  appropriately  chosen  to  direct  light  from  a  display  or 
light  toward  the  pilot  and  away  from  the  windscreen  to  reduce  reflections.  ML  also 
reduces  the  amount  of  light,  as  well  as  resolution  of  detail,  to  the  observer.  While 
ML  effectively  controls  visible  light,  it  was  found  to  be  partially  transparent  to  IR, 
An  IR-blocking  plastic  film  must  be  used  over  the  display  or  light.  With  this  modifi¬ 
cation,  ML  material  can  be  successfully  used  in  NVGC  lighted  cockpits. 

Reflected  glare  can  sometimes  be  controlled  by  extending  the  glare  shield  to 
reduce  glow  from  the  main  instrument  lights.  The  extension  may  also  provide  additional 
space  to  mount  NVGC  lights.  A  glare  shield  extension  can  be  made  adjustable,  so 
different  pilots  can  pull  it  in  or  out  as  needed.  Care  must  be  taken  to  not  hamper  the 
crew's  escape  pathways  (through  windows)  or  impinge  on  the  ejection  seat  envelope  of 
aircraft  so  equipped.  Black,  nomex  flight  suits  are  also  desirable  for  use  in  NVGC 
cockpits  to  reduce  reflections,  as  would  a  black  helmet.  Black  suits  appear  to  be  more 
effective  in  partially  modified  cockpits  where  there  is  still  some  IR  pollution  being 
reflected.  Fully  modified  cockpits  have  virtually  no  IR  to  be  reflected,  though 
external  ambient  energy  could  be  reflected. 

Aircraft  can  be  modified  to  varying  degrees  of  NVG  compatibility,  depending  on  the 
time  and  money  available.  A  quick-fix  modification  is  fast  and  low  cost,  but  there  is 
usually  some  reduction  in  visibility  of  the  direct  view  instrumentation  with  some 
residual  IR  pollution.  A  full-up  modification  is  costly  and  time  consuming,  however, 
it  approximates  state  of  the  art  NVGC  lighting  where  there  is  essentially  no  IR  and 
direct  view  visibility  is  excellent. 

A  quick-fix  modification  can  be  as  simple  as  turning  off  the  entire  lighting 
system  and  illuminating  the  cockpit  with  filtered  floodlights.  Black  tape  can  be  used 
to  cover  indicator  lights.  Under  the  glare  shield,  incandescent  lamps  can  be  directly 
replaced  with  green  LEDs.  Various  displays  and  lights  can  be  fitted  with  Schott  blue- 
green  glass,  Wamco  glass,  or  Glendale  green  plastic  filters  that  can  be  snapped  on  and 
off  as  needed.  NVGC  external  light  wedges,  or  bezels  (see  Figure  18),  are  sometimes 
mounted  over  the  most  important  instruments. 
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BULB-FILTER  ASSEMBLY 


Figure  IS.  External  light  wedge  (bezel)  construction. 

A  full-up  modification  is  very  extensive.  External  light  bezels  (Figure  18)  are 
placed  over  all  instruments  except  the  ones  that  are  illuminated  with  small  individual 
post  (flood)  lights.  The  post  light  caps  are  filtered.  All  floodlights  and  work 
lights  are  filtered.  Green  advisory  and  yellow  caution  annunciators  are  filtered  to 
blue-green.  Red  warning  lights  are  changed  to  NVGC  yellow.  All  panels  are  replaced 
with  NVGC  green.  Depending  on  the  panel  type,  the  light  source  is  either  filtered 
incandescent  or  electroluminescent.  CRTs  and  moving  map  displays,  if  present,  are 
covered  with  filters.  Aircraft  CRTs  are  often  green  P-43  phosphors  that  have  a  small 
red  component  that,  if  necessary,  is  easily  filtered.  Glass  filters  are  best,  due  to 
their  higher  degree  of  stability  under  the  extreme  environmental  conditions  that  are  so 
often  encountered. 

CRTs  used  in  radar,  MFDs,  and  moving  maps  can  be  filtered  to  achieve  NVG  compati¬ 
bility.  HUDs  usually  have  green,  P-43  phosphor  CRTs  in  order  to  obtain  maximum 
brightness  in  the  daytime.  These  types  of  HUDs  can  usually  be  turned  down  very  low  at 
night  and  directly  viewed  through  the  goggles.  Focusing  is  no  problem  since  the  HUD  is 
collimated,  and  the  NVGs  are  focused  at  optical  infinity  to  view  the  outside. 

For  aircraft  that  do  not  have  HUDs,  it  is  desirable  to  have  flight  information 
displayed  while  maintaining  a  head-up,  out-of-the-cockpit  position.  This  laboratory 
has  developed  a  retrofit  NVG/HUD  system  (see  Genco,  AGARD-CP-373)  to  perform  this  task. 
Figure  19  shows  the  NVG/HUD  layout.  The  flight  instrument  raw  signal  information  is 
collected  by  the  aircrafts  signal  processing  computer,  converted  into  properly 
formatted  data,  and  transmitted  to  the  display  unit.  The  display  unit  converts  the 
data  to  symbols  and  displays  them  on  a  red  CRT.  Red  is  used  so  that  the  symbols  are 
visible  through  the  goggles.  The  symbology  display  is  reflected  from  a  front  surface 
mirror  to  a  relay  lens  which  focuses  the  image  onto  a  flexible  fiber  optic  bundle.  The 
bundle  transmits  the  image  to  the  NVG  where  a  collimating  lens  projects  the  symbol 
image  to  optical  infinity.  This  image  is  then  reflected  from  a  beam  splitter  into  one 
ocular  of  the  NVGs.  The  observer  views  the  image  of  the  HUD  symbols  superimposed  over 
the  outside  view. 


Figure  19.  NVG/HUD  Configuration. 
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This  paper  has  described  the  night  lighting  requirements  for  high  performance 
aircraft  cockpits.  It  also  overviewed  NVG  characteristics  and  defined  NVG 
compatibility  for  cockpit  lighting.  Methods  of  achieving  NVG  compatibility  were  shown 
as  represented  by  quick-fix  and  full-up  modifications.  These  modifications  greatly 
enhance  the  performance  of  HVGs  that  help  the  pilot  to  successfully  complete  his 
miss  ion. 
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SUMMARY 


Electroluminescent  (EL)  lighting  has  been  proposed  as  an 
alternative  lighting  that  would  eliminate  several  problems 
associated  with  current  incandescent  (INC)  lighting  in  aircraft 
(glare,  infrared  rays,  "hot"  spots,  etc.).  The  use  of  photometry 
to  measure  EL  lighting  has  been  questioned  since  previous  studies 
indicated  that  EL  lighting  appeared  to  be  "brighter*  than  INC 
lighting,  even  when  both  light  sources  were  photometrically 
identical.  The  following  describes  the  experimental  exposure; 

*  Observers  were  twelve  naive  subjects,  both  male  and  female, 
aged  19-29. 

*  Subjects  were  asked  to  compare  a  variable  EL  light  with  a  fixed 
INC  light. 

*  Nine  different  brightness  levels  of  the  EL  light  were  tested 
six  times  each  for  a  total  of  54  trials.  Brightness  levels 
were  determined  as  percentage  differences  of  the  fixed  INC 
luminance  of  4.90  fL. 

*  Brightness  levels  ranging  from  -20%  to  +20%  in  5%  increments 
were  used  in  the  experiment;  3.92,  4.17,  4.41,  4.66,  4.90, 
5.15,  5.39,  5.64,  and  5.88  foot  lamberts,  respectively. 

*  Observers  were  asked  to  rate  if  the  test  lamp  (EL)  was  higher, 
lower,  or  the  same  as  the  reference  lamp  (INC) . 

The  results  from  this  experiment  were  the  following; 

*  The  group  mean  and  standard  deviation  obtained  were 
respectively,  x  =  4.82,  s  =  0.534. 

*  A  Student's  t-test  which  compared  the  obtained  group  data  with 
the  EL  and  INC  lights  matching  luminance  of  4.90  was  not 
significant,  p  <  .05. 

*  The  relationship  between  percentage  of  "HIGH"  responses  and 
luminance  of  the  test  lamp  was  a  linear  increasing  function 
with  r  =  0.98. 

*  A  plot  of  percentage  of  "LOW*  responses  as  a  function  of  test 
lamp  luminance  was  a  linear  decreasing  function  with  r  =  0.97. 


The  .results  show  that  direct  photometric  measurements  using 
current  photometric  instrumentation  and  procedures  are  valid  and 
may  be,  used  to  thoroughly  evaluate  this  type  of  lighting  for 
future  aircrew  configurations. 
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INTRODUCTION 


Lighting,  both  in  and  out  of  the  crew  station,  has  been  a 
critical  factor  in  the  success  of  Air  Force  missions. 
Incandescent  (INC)  lighting  has  been  the  standard  for  many  years, 
but  as  the  technology  has  become  more  advanced,  new  types  of 
lighting  are  now  being  considered  as  alternatives  to 
incandescence.  Before  integrating  them  into  Air  Force 
applications,  different  types  of  lighting  configurations  should 
be  evaluated  thoroughly.  The  intent  of  this  report  is  to 
describe  one  relatively  new  type  of  lighting,  electroluminescent 
(EL)  and  to  determine  if  standard  photometric  techniques  may  be 
used  to  measure  it. 

Basically,  an  EL  lamp  is  a  capacitor  -  it  has  a  dielectric 
material  sandwiched  between  two  conducting  surfaces.  The 
luminescent  phosphor  is  scattered  within  the  insulator  so  that  it 
may  lie  in  the  path  of  the  electrostatic  field.  Electric  bus 
bars  are  mounted  to  the  top  transparent  conductor,  and  finally  a 
mylar  coating  is  added  to  retard  moisture.  The  entire  lamp  is 
then  laminated  in  plastic  to  complete  the  construction.  When  an 
alternating  current  is  applied,  the  changing  electric  field 
causes  current  to  flow  within  the  phosphor  particles  embedded  in 
the  insulator.  The  induced  current  causes  the  electrons  in  the 
phosphor  to  jump  energy  levels,  thereby  giving  rise  to 
"luminescence"  -  the  emission  of  light  not  due  to  temperature  of 
the  source. 

The  main  advantage  of  EL  lighting  is  the  even  distribution 
of  luminance  across  the  face  of  the  lamp.  This  is  unlike  the  INC 
lamp,  whose  intensity  is  brightest  at  the  center  and  falls  off  as 
the  distance  from  the  center  increases.  EL  lamps  have  been 
considered  for  Air  Force  lighting  applications  for  other  reasons 
as  well: 

1.  Dependable  -  major  catastrophic  failures  eliminated 

2.  Shapes  and  lamp  design  can  be  easily  specified 

3.  Available  in  several  colors:  white,  yellow,  green, 
and  red 

4.  Light  intensity  controlled  over  a  wide  range 

5.  No  significant  color  change  when  dimmed 

6.  Readily  withstand  vibrations 

7.  Emit  no  ultraviolet  and  few  infrared  rays 

* 

8.  Relatively  narrow  spectrum  of  emission 

9.  "Cold"  source  -  heat  loss  is  minimal 
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Recently,  questions  have  been  raised  about  using  standard 
photometric  techniques  to  measure  EL  lamps.  Previous  studies 
involving  some  comparison  between  EL  and  INC  (Blouin,  1978) 
indicated  that  observers  saw  the  EL  lamp  as  being  "brighter"  in 
appearance  than  the  INC  even  when  the  two  sources  were 
photometrically  the  same.  This  would  seem  to  indicate  that  some 
perceptual  process  was  present  that  invalidated  direct 
photometric  measurements  of  EL  lighting. 

This  experiment  was  formulated  to  define  any  perceptual 
differences  between  EL  and  INC.  If  no  difference  existed,  then 
photometry  could  be  applied  for  measuring  EL  lighting.  In 
theory,  the  photometer  should  have  the  same  response  as  a  human 
eye.  An  observed  perceptual  difference  would  result  in  a 
"scaling  factor”  that  should  be  used  for  EL  lighting  measurements. 

It  was  hypothesized  that  in  previous  experiments  some 
parameters  were  not  properly  controlled,  and  a  physical 
inequality  was  somehow  present  between  the  two  lights.  This 
resulted  in  observers  judging  the  EL  to  be  "brighter"  than  the 
INC,  even  when  they  were  photometrically  the  same.  For  example, 
if  the  luminance  of  the  INC  lamp  is  not  properly  diffused, 
observers  will  always  judge  the  light  to  be  dimmer  than  an  EL 
since  the  first  part  of  any  target  examined  is  its  edges,  and  an 
improperly  diffused  INC  lamp  will  appear  dim  around  the  edges. 
It  was  the  aim  of  this  experiment  to  eliminate  any  previous 
confounding  variables,  and  to  determine  if  the  lights  were 
perceptually  different  to  observers  once  they  were  made 
physically  similar.  The  result  would  be  a  validation  of  standard 
photometric  techniques  for  EL  lighting. 
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METHOD 


Subjects 

Twelve  naive  subjects ,  males  and  females  aged  19-29 
participated  in  the  experiment.  All  observers  were  reguiced  to 
have  20/20  or  corrected  visual  acuity  as  measured  by  a  projected 
standard  Snellen  wall  chart  prior  to  engaging  in  the  study. 
Before  participating  in  the  experiment,  all  subjects  were  asked 
to  sign  a  consent  form  provided  by  the  experimenter.  A  copy  of 
this  form  can  be  found  in  Appendix  A. 


Apparatus 

The  apparatus  consisted  of  two  light  sources,  one 
incandescent  (INC)  and  the  other  electroluminescent  (EL) .  The 
light  sources  were  separately  contained  in  metal  boxes  with  black 
exteriors  and  flat  white  interiors  having  dimensions  8  X  6  X  3.5 
inches.  A  circle  of  1/2  inch  diameter  was  drilled  into  the 
center  of  the  front  face  of  each  metal  box.  This  diameter  was 
chosen  so  that  a  large  surface  area  would  not  be  a  factor  in  the 
judgment  of  the  two  lamps.  The  boxes  were  placed  together  with 
their  sides  touching  on  a  table  covered  with  black  cloth;  the 
resulting  distance  between  the  centers  of  the  two  circles  on  the 
front  face  of  the  boxes  was  eight  inches. 

The  EL  light,  a  flat  panel,  thick  film  lamp  manufactured  by 
EL  Products,  Inc.,  was  taped  on  the  interior  front  face  of  one 
box  across  the  circular  cut-out  area.  The  EL  lamp  operated  at 
400  Hz  AC,  and  was  connected  to  a  California  Instruments  AC  Power 
Source  Model  251  T  so  that  the  luminance  of  the  EL  pinel  could  be 
varied  by  the  experimenter. 
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To  determine  the  appropriate  filters  needed  for  the  INC  to 
match  the  EL  in  color ,  a  trial  and  error  method  was  used.  The 
luminance  of  the  INC  lamp  was  measured  by  a  Pritchard  1980B 
photometer,  and  then  the  luminance  of  the  EL  lamp  was  set  to  this 
value.  Using  a  Pritchard  1980B  Spectraradiometer ,  the  spectral 
distribution  of  the  EL  lamp  was  determined.  Several  filters  were 
added  to  the  INC  box;  a  spectral  scan  was  completed,  and  the  EL 
and  INC  scans  were  compared.  Depending  on  the  outcome  of  this 
process,  either  the  luminance  of  the  EL  lamp  was  adjusted,  more 
filters  were  added  to  the  INC  lamp,  or  a  combination  of  both 
procedures  was  used.  This  process  was  continued  until  both  lamps 
had  an  identical  luminance  of  4.90  fL,  and  the  color  difference 
betweent  the  two  was  negligible.  As  a  result  of  this  procedure, 
the  following  filters  were  placed  in  the  same  circular  region  on 
the  INC  light  box  as  described  above; 


1.  Two  (2)  Edmund  Scientific  No.  878  light  yellow  green 
filters 

2.  One  (1)  Edmund  Scientific  No.  858  light  blue  green 
filter 

3.  Two  (2)  Kodak  No.  80D  Wratten  gelatin  filters 

4.  Two  (2)  infrared  blocking  filters 


Figure  2  illustrates  the  color  coordinates  of  the  two  light 
sources  plotted  in  CIE  1931  space;  Figure  3  shows  the  same 
coordinates  in  UCS  1976  space,  and  Figure  4  plots  the  spectral 
distributions  for  both  lamps. 
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Figure  2,  INC  and  EL  Lights  Plotted  in  CIE  1931  Space. 


KEY 
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Figure  3.  INC  and  EL  Lights  Plotted  in  CCS  1976  Space 
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MICHTTCJS  MATCHING  EXPERIMENT 
VECTMAL  DirntlKmOM  OF  CL  MO  IfCMCOCENT  LAMFI 


Figure  4.  Spectral  Distributions  of  EL  and  INC  Lights 


In  order  for  an  observer  to  make  an  accurate  comparison  of 
the  intensities  of  the  lamps,  the  luminance  across  the  front 
viewing  surfaces  of  the  boxes  must  be  uniform.  The  luminance 
across  each  front  circular  area  was  measured  by  a  Pritchard  1980B 
photometer  with  a  Spectar  LF-19  microscopic  lens,  and  output  to  a 
HP  7100B  strip  chart  recorder.  (All  of  the  previously  described 
filters  were  in  place  on  the  INC  lamp.)  Both  lamps  fulfilled  the 
requirement  of  a  uniform  distribution,  as  indicated  by  Figures  5 
(INC)  and  6  (EL). 
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The  observer  was  seated  13  feet  from  the  two  lights  in  order 
that  no  texture  cues  from  the  EL  lamp  would  be  present  to  help 
him  distinguish  between  the  two  different  lamps.  A  partition  was 
placed  on  either  side  of  the  cloth-covered  table  so  that  the 
subject  was  able  to  concentrate  fully  on  the  task  at  hand.  Two 
60  watt  desk  lamps  were  located  within  the  testing  room  to  add 
some  ambient  illumination  to  the  test  area.  The  average  room 
luminance  was  recorded  at  0.008  fL  using  a  Pritchard  1980B 
photometer.  This  same  photometer  was  aimed  directly  at  the  EL 
light  to  record  luminance  levels,  and  placed  to  the  subject's 
left.  The  view  from  the  observer's  chair  is  shown  in  Figure  7. 


Figure  7.  View  from  Observer's  Position 


The  experimenter's  station,  located  to  the  left  front  of  the 
observer's  position,  consisted  of  the  AC  power  source  and  the 
Pritchard  1980B  control  console  situated  on  a  table  facing  the 
experimenter.  The  subject  was  unable  to  see  the  direction  of  any 
luminance  adjustments  made  by  the  experimenter,  and  also  the 
corresponding  output  on  the  control  console.  Figure  8  is  an 
illustration  of  the  experimenter's  station. 
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Figure  8.  Illustration  of  Experimenter's  Station 


Procedure 

After  the  instructions  were  read  to  the  observer  and  the 
consent  form  was  signed,  a  rest  period  of  five  minutes  ensued 
wherein  the  subject  was  given  the  opportunity  to  adapt  to  the 
luminance  in  the  testing  room.  When  this  period  was  over,  the 
testing  began.  The  consent  form  and  instructions  can  be  found  in 
Appendices  A  and  B,  respectively. 


The  experimenter  then  proceeded  to  set  the  first  brightness 
level  on  the  EL  lamp  using  the  variable  control  knob  on  the  AC 
power  source  after  directing  the  subject  to  cover  his  eyes  while 
the  testing  level  was  set.  After  the  experimenter  indicated  that 
he  was  ready  to  begin,  the  observer  opened  his  eyes  and  looked  at 
the  two  lamps.  The  participant  was  asked  to  compare  the 
intensity  of  the  test  light  (EL)  ,  which  was  the  lamp  to  the 
observer's  left,  with  the  intensity  of  the  reference  light  (INC), 
which  was  the  lamp  on  the  observer's  right.  If  the  left  light 
was  brighter  in  intensity  than  the  right  light,  the  subject  was 
told  to  respond,  "HIGH".  If  the  left  light  was  dimmer  in 
intensity  than  the  right  light  the  observer  was  asked  to  respond, 
"LOW".  If  there  was  no  difference  in  the  intensity  of  the 
lights,  the  observer  was  directed  to  reply,  "SAME".  Immediately 
after  the  subject  responded,  he  was  told  to  cover  his  eyes  while 
the  next  brightness  level  was  set.  This  entire  procedure  was 
repeated  for  a  total  of  54  trials. 

Using  the  above  procedure,  nine  different  brightness  levels 
were  tested.  Brightness  levels  were  determined  as  percentage 
differences  from  the  INC  and  EL  matching  luminance  of  4.90  fL. 
The  percentage  differences  tested  varied  in  the  range  of  -20%  to 
+20%  in  +5%  increments:  -20%,  -15%,  -10%,  -5%,  0%,  5%,  10%,  15%, 
and  20%.  A  repeated  measures  design  was  used  to  test  each 
separate  brightness  level  a  total  of  six  times.  All  levels  of 
brightness  were  block  randomized  using  a  random  number  generator. 
Table  1  is  a  listing  of  the  percentage  difference  from  the 
matching  luminance  (4.90  fL)  and  the  corresponding  EL  luminance 
used  to  set  each  brightness  level  during  the  experiment. 


TABLE  1 

EXPERIMENTAL  BRIGHTNESS  LEVELS 


%  DIFFERENCE  FROM  REFERENCE 
-20 
-15 
-10 
-  5 
0 

+  5 
+10 
+15 
+20 


♦REFERENCE  LUMINANCE  =  4.90  fL 

CORRESPONDING  LUMINANCE  (IN  fL) 
3.92 
4.17 
4.41 
4.66 
4.90 
5.15 
5.39 
5.64 
5.88 
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RESULTS 


comparison  between  ELUandCINC1lighteindicatelSefiSfi?K0lvin9  80me 
seemed  "brighter"  than  the  INC  e?vtl\at  the  a  alwaVs 

same  luminance  level.  The  pwpose  fir  this  e£tiiai"P8  W6*e  at  the 
to  determine  if  in  fact  a  p?“2X!al  5*31™  ire  exPe*iment  was 
the  two  lamps.  if  a  dif?£iSLd  JJ*renc?  was  8een  between 

photometric  measurements  aren't  valid  and  a^scal ina*?68*.  djrfct 
EL  lighting  would  have  to  be  cJirnil*!!*?  8calin9  factor"  for 
difference.  calculated  to  compensate  for  this 

the  two  l^psr^he^uSb^^r^L^^6^0*  WaS  pre8ent  between 
of  "SAME"  vis  tlbSStld  fortin,L8cihei°b?erVer  m?de  a  resP°nse 
tabulations  were  concerted  into  ,leve1’  The8e 

function  of  the  luminance  of  th£  S£!  ?nd  p}®fctfd  as  a 

plots  can  be  found  in  Figures  9-20  and’th?oni!!?iVidual  Bub3ect 
is  seen  in  Figure  21.  Theoretical  it,  h  combined  group  data 

luminance  of  s'AS  !  ■"I'oce.rr'SST 

“P aL-’ssrf 

m^cJinfiSSinwce  o?  Tto  f£at 

as  thecombineSlroSp  data  are  shSwilinSbfe^^  S^08  88  /f11 

following  results : **  V!  “ _ tbeQ oup  observation  yiefSS  thl 

of  the  obtained  experimental  group’  mean  6from  ethe9IlmatchiSS 
luminance,  a  Student's  t-test  was  performed.  The  results 
test  were  not  significant,  p  <  .05.  results  of  the 


TABLE  2 


MEANS  AND  STANDARD  DEVIATIONS  FOR  RESPONSES  OP 


SUBJECT  # 

MEAN 

1 

5.20 

2 

4.90 

3 

4.74 

4 

4.90 

5 

4.68 

6 

4.66 

7 

5.02 

8 

4.72 

9 

4.93 

10 

4.74 

11 

4.47 

12 

4.60 

■GROUP 

4.82 

* MATCHING  EL  LUMINANCE 
STANDARD  DEVIATION 
0.56 
0.50 
0.25 
0.56 
0.44 
0.46 
0.64 
0.40 
0.62 
0.66 
0.50 
0.60 
0.53 


"SAME" 

■  4.90  fL 


If  the  individual  subject  plots  are  examined  (Figures  9-20) f 
it  is  apparent  that  some  observers  were  quite  adept  at  judging 
the  intensities  of  the  lights  while  others  made  their  judgments 
with  some  difficulty.  When  questioned  following  the  experiment, 
the  subjects  who  made  their  judgments  with  ease  indicated  that 
they  had  set  a  certain  criterion  in  the  beginning  trials,  and  had 
retained  the  same  criterion  throughout  the  entire  experiment.  It 
is  obvious  that  subjects  #5,  #9,  and  #10  did  not  develop  any 
ctitetion  to  help  them  with  their  judgments.  Other  observers 
actually  required  more  luminance  from  the  EL  lamp  to  match  the 
INC  lamp.  Subjects  #1  and  #10  illustrate  this  point. 
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x  OF  RESPONSES  EL  “SA*: 


SUBJECT  #| 
n-i~r» 


LUN1NAMCC  OF  EL  LAMP  ]N  FT  L 


Figure  9.  %  of  "SAME"  Responses  vs.  Luminance  of  EL 

Lamp  in  fL  for  Subject  #1 


wjcn  #? 


UMtMAMCE  OF  CL  LAIT  IN  FT  L 


Figure  10.  %  "SAME"  Responses  vs.  Luminance  of  EL 

Light  in  fL  for  Subject  <2 
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LUX I NANCE  OF  It  LAMP 


Figure  11.  %  "SAME"  Responses  vs.  Luminance  of  EL 

Light  in  fL  for  Subject  #3 


n*MCT  M 

li-IHtt 


tlMJMUCI  OP  WL  LAMP  1M  *T  L 


Figure  12.  %  "SAME"  Responses  vs.  Luminance  of  EL 

Light  in  fL  for  Subject  t4 
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•utJfCT  wr 


Figure  15. 


%  "SAME"  Responses  vs.  Luminance  of  EL 
Light  in  fL  for  Subject  #7 


Figure  16.  '"SAME"  Responses  vs.  Luminance  of  EL 
Light  in  fL  for  Subject  *8 
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SUBJECT 
1 I -1-8® 


Figure  19.  %  "SAME"  Responses  vs.  Luminance  of  EL 

Light  in  fL  for  Subject  #11 


MJCCT  013 
ll-I-W 


UWIMNCE  or  CL  CMT  IN  FT  L 


Figure  20.  %  "SAME"  Responses  vs.  Luminance  of  EL 

Light  in  fL  for  Subject  #12 
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*u  stajtm 


Figure  21.  %  "SAME"  Responses  vs.  Luminance  of  EL 

Light  in  fL  for  ALL  SUBJECTS 


In  a  similar  manner,  the  responses  of  "LOS"  and  "HIGH"  were 
separately  tabulated  for  each  luminance  level,  and  converted  to 
percentages  using  the  same  technique  described  previously. 
Figure  22  plots  the  percentage  of  "LOW"  responses  for  the 
combined  data  as  a  function  of  the  luminance  of  the  EL  lamp,  and 
Figure  23  plots  the  "HIGH"  responses  in  a  similar  fashion.  An 
examination  of  both  of  these  curves  also  illustrates  that  no 
perceptual  difference  was  evident  between  the  two  lamps;  ie. ,  the 
"LOW"  response  plot  is  a  decreasing  function  of  the  luminance  of 
the  EL  lamp  with  R  *  0.97,  and  an  increasing  function  is  seen  for 
the  "HIGH"  responses  with  R  *  0,98. 
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CONCLUSIONS 


The  results  indicated  that  once  all  physical  parameters  were 
equal,  no  perceptual  difference  was  observed  between, EL  and  INC 
light.  .The  outcome  of  this  experiment  is  significant  for  Air 
Force  lighting  applications.  No  longer  can  EL  lighting  be 
considered  a  magical*  light  source  -  one  that  can't  be^easured 
using  photometric  principles  like  other  types  of  lighting.  The 
argument  that  EL  light  is  always  "brighter*  than  INC  light,  and 
that  a  perceptual  process  is  present  that  inhibits  direct 
measurement  of  EL  lighting  is  no  longer  valid.  EL  lighting  must 
be  evaluated  on  the  same  basis  as  other  lighting  configurations, 
and  may  be  measured  using  currently  available  photometric 
instrumentation  with  no  special  procedures. 
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APPENDIX  A 


CONSENT  FORM 

BRIGHTNESS  COMPARISON  OF 
ELECTROLUMINESCENT  VERSUS  INCANDESCENT  LIGHTING 

I,  _ ,  having  full  capacity  to 

consent,  do  hereby  volunteer  to  participate  in  a  research  study 
entitled,  "Brightness  Comparison  of  Electroluminescent  Versus 
Incandescent  Lighting",  under  the  direction  of  Dr.  H.  Lee  Task, 
with  principal  investigator  Mary  Donohue  Perry.  The  implications 
of  my  voluntary  participation,  the  nature,  duration,  and  purpose, 
the  methods  and  means  by  which  it  is  to  be  expected  have  been 
explained  to  me  by  Mary  Donohue  Perry.  I  have  been  given  the 
opportunity  to  ask  questions  concerning  this  research  project, 
and  any  such  questions  have  been  answered  to  full  and  complete 
satisfaction.  I  understand  that  I  may  at  any  time  during  the 
course  of  this  project  revoke  my  consent,  and  withdraw  from  the 
project  without  prejudice. 

I  FULLY  UNDERSTAND  THAT  I  AM  MAKING  A  DECISION  WHETHER  OR  NOT  TO 
PARTICIPATE.  MY  SIGNATURE  INDICATES  THAT  I  HAVE  DECIDED  TO 
PARTICIPATE  HAVING  READ  THE  INFORMATION  PROVIDED  ABOVE. 

AM 

PM 

Signature  Date  Time 

I  have  briefed  the  volunteer  and  answered  questions  concerning 
the  research  project. 

Signature  Date 
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APPENDIX  B 

OBSERVER  INSTRUCTIONS 
BRIGHTNESS  COMPARISON  OP 
ELECTROLUMINESCENT  VERSUS  INCANDESCENT  LIGHTING 


will  EfS'Lwf™®  "i"ut“  of  station  in  a  darkened  room,  you 
will  be  looking  at  two  blue-green  circular  lights,  aDnroximat.lv 
one  foot  apart.  The  light  on  the  left  will  be  briahter  dimm a/ 
or  the  same  as  the  light  on  the  right?  After  nlrS  : 

s®t  the  light  level,  your  task  will  be  to  respond  "HIGH"  if 

h  1  B  ^IniniAe  *  1.1 -  *  ,  .  f  ^  ^9^?  ^"LOW"1??  the 


T'fiid-o1191111  £f  di?uner  *han  the  right  light,'  or  "SAME*  if  both 
lights  are  of  the  same  intensity.  This  procedure  will  hS 
repeated  for  a  total  of  54  times/  Please  co^er  your  itel  in 
between  trials  as  the  experimenter  sets  the  next  light  level  Do 
you  have  any  questions?  If  not,  then  we  will  proceed  with  th2 
experiment.  Thank  you  for  your  participation. 
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indicated  that  the  reflectances  were  higher  in  modified  aircraft  for  the  majority  of 
surfaces  measured,  but  well  within  the  specifications  set  by  the  relevant  military 
standard.  The  human  factors  evaluation  indicated  that  the  vast  majority  of  aircrew 
responding  experienced  no  adverse  effect  on  NVG  performance  attributable  to  the  new 
interior  scheme.  In  general,  it  was  concluded  that  the  modified  interior  scheme  should 
not  interfere  with  NVG  operations. 

14.  SUBJECT  TERMS 

night  vision  goggles,  lighting  campatibility,  NVIS  radiance 
aircraft  interior 

15.  NUMBER^  PAGES 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICAtTon 

Unclassified  °Uncjassilied  Unclassified 

20.  LIMITATION  OF  ABSTRACT 

Unlimited 

NSN  7540-01  -280-5500  Standard  Form  298  (Rev.  2-89) 

3 (J6  Prescribed  by  ANSI  Std  239-18 


298-102 


SUMMARY 


An  evaluation  was  conducted  to  determine  if  modifications  made  to  the  interiors 
of  the  C-130H  and  C-141B  aircraft  interfere  with  night  vision  goggle  (NVG )  operations. 
These  modifications  were  completed  as  part  of  the  Military  Airlift  Command’s  (MAC) 
Equipment  Excellence  Interior  Material  Program.  The  purpose  of  the  evaluation  was  to 
determine  if  modifications  made  to  the  cockpit  and  cargo  areas  of  these  aircraft  had  any 
substantial  effects  on  the  spectral  reflectivity  of  the  surfaces  involved  which  could  in  turn 
interfere  with  NVG  flight  operations.  A  subjective  assessment  of  the  modifications  was 
also  conducted,  in  which  questionnaire  results  were  obtained  from  flight  crew  members 
who  had  flown  NVG  missions  in  both  modified  and  unmodified  aircraft. 

The  evaluation  consisted  of  two  components:  1)  Measurements  of  interior 
radiance  levels  and  calculation  of  surface  reflectances;  and  2)  A  human  factors  subjective 
assessment  of  effects  on  NVG  operations.  Data  were  collected  from  13-16  April  1992  at 
Pope  AFB,  NC,  and  Charleston  AFB,  SC. 

In  general,  the  results  indicated  that  the  interior  modifications  that  were  completed 
as  part  of  the  Equipment  Excellence  Interior  Material  Program  should  not  adversely  affect 
NVG  operations.  The  interior  surface  reflectances  calculated  from  the  measurements 
made  were  in  most  cases  somewhat  higher  in  the  modified  aircraft  than  the  original 
configurations.  The  maximum  allowable  NVIS  radiance  levels  specified  in 
MIL-L-85762A  were  used  to  interpret  the  significance  of  actual  surface  NVIS  radiances. 
Only  one  modified  surface  caused  serious  concern.  The  subjective  assessment  showed 
that  the  majority  of  aircrew  who  participated  in  the  evaluation  did  not  perceive  a 
difference  between  the  modified  and  original  interiors,  and  that  no  adverse  effects  on 
NVG  operations  are  anticipated. 
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The  authors  wish  to  thank  Mr.  Greg  Bothe  of  the  Science  Applications 
International  Corporation  for  his  outstanding  technical  assistance  with  the  video  data 
collection  and  the  United  States  Air  Force  Airlift  Center,  Pope  Air  Force  Base,  North 
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I.  INTRODUCTION 


A  new  program  has  been  initiated  by  Military  Airlift  Command  (MAC) 
headquarters  for  enhancement  of  transport  aircraft.  The  Equipment  Excellence  Material 
Program  consists  of  a  new  paint  scheme,  major  interior  refurbishment,  and  upgraded 
maintenance  of  aircraft  appearance.  One  modification  is  a  new  tri-color  interior,  which 
replaces  the  original  five  color  layout,  consisting  of  the  following  colors:  dark  blue, 
glossy  beige,  and  light  blue-green.  Both  the  cockpit  and  cargo  areas  of  the  aircraft 
involved  exhibit  the  new  colors.  In  addition,  changes  were  made  to  the  texture  of  some 
flooring  materials. 

At  the  request  of  USAF  Airlift  Center  at  Pope  AFB,  personnel  from  the  Visual 
Display  Systems  Branch  of  the  Armstrong  Laboratory  at  Wright-Patterson  AFB 
evaluated  the  modified  aircraft  interior  pairit/material  scheme  for  possible  adverse  effects 
on  night  vision  goggle  (NVG)  operations.  Evaluations  were  performed  on  C-l  30H  and 
C-141B  aircraft.  Of  specific  concern  was  whether  any  increased  surface  reflectivities 
resulted  from  the  interior  modifications  and  what  impact  such  increases  might  have  had 
on  NVG  operations. 

The  evaluation  was  divided  into  two  parts.  The  first  consisted  of  measuring  NVIS 
radiances  of  a  variety  of  interior  surfaces  in  both  modified  and  unmodified  aircraft  and 
then  calculating  surface  reflectances  in  the  NVIS  spectral  region.  NVIS  radiance  values 
were  collected  with  a  field  portable  instrument  designed  for  cockpit  lighting  inspections. 
Surface  reflectance  was  chosen  as  the  primary  evaluation  metric  to  provide  a  consistent 
basis  for  comparison  between  aircraft  versions.  In  addition,  because  the  amount  of 
windscreen  glare  is  so  important  to  aircrew  members,  attempts  were  also  made  to 
measure  the  NVIS  radiance  of  several  windscreen  locations  in  each  aircraft.  This  was 
followed  by  an  aircrew  subjective  human  factors  assessment  of  possible  influence  on 
NVG  operations.  This  assessment  consisted  of  a  questionnaire  and  interviews  with 
NVG-qualified  aircrews  that  had  flown  NVG  missions  in  modified  aircraft.  The  major 
findings  of  the  evaluation  are  outlined  in  this  report. 


II.  METHODS 


Radiance  Measures 

Measurements  of  surface  NVIS  radiance  values  were  made  in  modified  and 
unmodified  versions  of  the  C-130H  and  C-141B  aircraft  under  similar  interior  lighting 
conditions.  NVIS  radiance  limits  specified  in  MIL-L-85762A  were  used  as  thresholds  to 
identify  surface  areas  of  particular  concern.  The  radiance  data  were  used  to  calculate 
surface  reflectances  in  the  NVIS  spectral  region.  NVIS  radiance  values  alone  collected 
for  any  specific  interior  position  were  judged  to  be  overly  affected  by  variables  beyond 
the  control  of  the  evaluators,  most  notably  time  varying  levels  of  in-cockpit  infrared 
energy  due  to  exterior  sources,  to  serve  as  a  basis  for  accurate  absolute  comparisons 
between  aircraft  interior  designs.  However,  given  the  availability  of  a  reflectance 
standard,  an  accurate  reflectance  could  be  calculated  for  each  type  of  surface.  Based  on 
these  calculated  surface  reflectances,  a  comparison  was  made  between  the  modified  and 
unmodified  versions  of  each  respective  aircraft  to  determine  the  potential  for  interference 
with  NVG  operations. 

An  NVG-103  Night  Vision  Imaging  System  (NVIS)  Cockpit  Inspection  Scope 
manufactured  by  Hoffman  Engineering  Corporation  was  configured  for  AN/AVS-6  NVG 
emulation  and  used  to  collect  quantitative  radiometric  data  on  the  flight  deck  and  in  the 
cargo  bay.  The  AN/AVS-6  (ANVIS)  system  is  the  type  of  NVG  currently  used  by  crews 
of  the  aircraft  types  involved  and  is  based  on  a  Generation  III  (Gen  III)  image  intensifier 
tube.  The  NVG-103  design  is  based  on  matching  the  brightness  of  an  adjustable 
reference  provided  within  the  instrument’s  field  of  view  to  the  apparent  brightness  of  the 
target.  The  uncertainty  inherent  in  brightness  matching  was  reduced  by  collecting  twelve 
data  at  each  location,  six  measures  of  the  surface  of  interest  and  six  of  a  barium  sulfate 
tablet.  Barium  sulfate  presents  a  greater  than  95%  reflective,  Lambertian  surface 
throughout  the  visible  and  near  infrared  portions  of  the  electromagnetic  spectrum. 

Further,  half  of  all  measures  were  initiated  with  the  brightness  reference  set  below  that  of 
the  target  and  half  with  the  initial  reference  setting  brighter  than  the  target.  To  further 
document  the  color  and  material  modifications,  35mm  color  photographs  and 
conventional  super- VHS  video  were  obtained.  In  addition,  image  intensified  video  in 
super- VHS  format  was  collected  for  qualitative  evaluation  purposes. 

All  measurement  sessions  were  conducted  after  local  sunset  in  aircraft  located  in 
their  normal  parking  ramp  spot.  The  windscreens  were  covered  with  black  cloth  to 
minimize  the  effects  of  exterior  lights  to  the  greatest  extent  possible.  Prior  to  each 
measurement  set,  cockpit  lighting  levels  were  established  by  qualified  flight  crews.  Eight 
measurement  locations  were  selected  in  each  aircraft;  four  locations  on  the  flight  deck 
and  four  locations  in  the  cargo  area.  In  addition,  because  the  amount  of  windscreen  glare 
is  so  important  to  aircrew  members,  attempts  were  also  made  to  measure  the  NVIS 
radiance  of  four  windscreen  locations  in  each  aircraft.  Windscreen  areas  exhibiting  both 
low  and  relatively  high  levels  of  glare  as  seen  by  NVGs  were  evaluated.  Reflectances 
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were  not  calculated  for  these  windscreen  locations.  These  NVIS  radiances  were 
interpreted  in  terms  of  the  guidelines  in  MIL-L-85762A.  The  measurement  locations  for 
the  C-130H  and  C-141B  flight  decks  are  shown  in  Figures  1  and  2,  respectively. 

To  establish  the  total  NVIS  irradiance  from  all  sources  incident  on  each  cockpit 
surface  being  evaluated,  a  measurement  was  made  of  the  NVIS  radiance  of  a  barium 
sulfate  tablet  placed  upon  that  surface.  Total  NVIS  irradiance  at  any  interior  location 
was  comprised  of  energy  emitted  from  the  cockpit  and  from  external  sources  such  as 
moonlight  and  ramp  lighting  bleeding  through  the  black  tarps  covering  the  windscreens. 
The  NVIS  radiance  of  the  cockpit  surface  itself  was  then  measured.  The  ratio  of  these 
two  NVIS  radiance  values  is  effectively  the  broadband  reflectance  of  the  surface  of 
interest  in  the  NVIS  spectral  region. 

Mathematically,  this  can  be  represented  by: 

«”fS(X)*N(X.)dX 

R,„<  =  -  (1) 

T(l)*N(X)dX, 

where  R«B  =  NVIS  broadband  reflectance, 

S(X)  -  Radiance  of  the  surface  under  test, 

T(X)  =  Radiance  of  barium  sulfate,  and. 

N(X.)  =  Gen  III  spectral  response. 

Measurements  were  made  of  one  modified  and  one  unmodified  version  of  the  C-130H 
and  the  C-141B  aircraft  (a  total  of  four  aircraft).  Results  from  the  unmodified  aircraft 
were  used  as  a  baseline  for  comparison  with  the  modified  versions.  To  ensure  consistent 
initial  overall  cockpit  NVIS  radiance  levels  between  modified  and  unmodified  versions  of 
the  same  aircraft  type  for  measurement  repeatability,  a  black  surface  and  a  gray  surface  on 
the  instrument  panel  were  chosen  as  reference  points  and  measured.  These  particular 
locations  were  chosen  because  the  colors  and  finishes  were  the  same  in  all  four  aircraft 
evaluated.  Figure  3  shows  the  approximate  location  of  the  reference  points  for  the  C-l  30 
and  C- 1 4 1  cockpits. 

Four  locations  were  evaluated  in  the  cargo  area  of  each  aircraft,  consisting  of  the 
paratroop  doors,  and  several  points  on  the  ceilings.  The  same  measurement  procedures 
described  for  the  flight  deck  were  used  in  the  cargo  areas.  Due  to  the  extremely  low  light 
conditions  prevailing  in  the  cargo  bays,  it  was  necessary  in  most  cases  to  use  infrared 
chemical  lights  to  provide  sufficient  irradiance  for  measurements.  The  blue  and  glossy 
beige  paints  used  in  the  cargo  areas  of  the  modified  aircraft  are  identical  to  those  used  in 
the  cockpit. 
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W  =  WINDSCREEN 

1  =  SEAT  SURFACE 

2  =  CEILING  SURFACES 

3  =  SIDEWALL  SURFACES 

4  =  FLOOR  SURFACES 


Figure  1 :  Radiance  Measurement  1 
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on  the  C-130  Flight 


3  =  SIDEWALL  SURFACES 

4  =  FLOOR  SURFACES 


Figure  2:  Radiance  Measurement  Locations  on  the  C-141  Flight  Deck 


4  ^ 


Figure  3:  Reference  Measurement  Locations  in  the  C-130  (top)  and  C-141  (bottom) 
Cockpit 
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Human  Factors  Evaluation 


A  brief  questionnaire  (shown  in  Appendix  A)  was  administered  to  ten  C-130  and 
eleven  C-141  crewmembers.  The  questionnaire  was  designed  to  elicit  opinions  regarding 
the  perception  of  differences  for  NVG  performance  for  the  modified  and  unmodified 
interiors,  respectively.  The  questionnaire  specifically  addressed  the  effects  of  the 
modified  interior  on  the  performance  of  visual  tasks  and  the  presence  of  any  noticeable 
reflections.  Crewmembers  completing  the  questionnaire  had  an  average  of  17.5  NVG 
hours  experience  in  modified  aircraft.  The  number  of  aircrew  responding  to  the 
questionnaire  is  displayed  in  Table  1  as  a  function  of  aircraft  type  and  crew  position. 


Table  1:  Summary  of  Human  Factors  Questionnaire  Participants 


Aircraft  Type 

Crew  Position 

Number  of  Participants 

C-130H 

Pilot 

4 

Co- Pilot 

2 

Flight  Eng. 

2 

Navigator 

2 

C-141B 

Pilot 

3 

Co-Pilot 

3 

Flight  Eng. 

2 

Navigator 

3 

III.  RESULTS 


Radiance  Measures 

Since  the  materials  and  paints  used  in  the  modification  are  consistent  between  the 
two  types  of  aircraft,  the  results  of  the  evaluation  are  presented  here  strictly  in  terms  of 
the  various  types  of  surfaces  found  in  the  four  possible  cockpit  configurations  and  cargo 
bays,  with  specific  aircraft  type  annotated  for  clarity  where  necessary.  Table  2 
summarizes  the  calculated  reflectances  for  all  significant  cockpit  and  cargo  bay  surfaces. 
Values  listed  in  this  table  should  be  considered  representative.  For  some  surface  types, 
measurements  were  made  in  multiple  locations,  and  the  value  shown  in  the  table  is  the 
mean  calculated  reflectance. 

Data  obtained  during  measurements  of  both  aircraft  types  indicate  that  the 
reflectivity  of  several  of  the  new  colors  and  finishes  is  greater  than  that  of  the  originals. 
However,  even  though  reflectance  in  the  NVIS  spectral  region  generally  increased,  all 
measured  NVIS  radiance  values  were  still  within  the  limits  specified  by  MIL-L-85762A 
with  one  notable  exception  which  is  discussed  in  the  next  paragraph.  Perhaps  the  most 
notable  overall  finding  from  the  radiance  measures  portion  of  the  evaluation  was  the 
sharply  increased  reflectance,  vis-a-vis  that  of  the  colors  being  replaced,  of  the  new 
glossy  beige  color  now  used  on  both  perforated  vinyl  and  hard  ceiling  surfaces. 

The  shiny  metal  floor  material  found  in  the  modified  C-130  cockpit  at  the  pilot 
and  copilot  stations  is  extremely  reflective  and  produced  very  intense  specular  reflections 
which  were  too  bright  for  the  NVG-1 03  to  measure.  These  specular  reflections  reach  the 
windscreens,  particularly  in  the  swing  window  area.  The  shiny  handgrips  located  above 
the  forward  windscreens  also  tend  to  produce  reflections  in  the  windscreen.  The  dark 
blue  flooring  which  is  now  used  in  both  aircraft  types  is  significantly  less  reflective  than 
the  original  floor  materials. 

Data  collected  at  the  various  windscreen  positions  tended  to  indicate  elevated 
levels  of  energy  from  the  cockpit  incident  upon  the  windscreens  in  the  modified  aircraft, 
particularly  in  the  area  of  the  swing/sliding  windows.  The  swing/sliding  window  glare  is 
worse  in  the  modified  C-l  30.  However,  the  glare  shields  in  both  aircraft  protect  the 
forward  windscreen  from  excessive  glare.  Due  to  bleed  through  of  varying  levels  of  near 
infrared  energy  from  external  sources  through  the  black  cloth  covering  the  windscreens, 
exact  quantitative  comparisons  cannot  be  made  of  windscreen  NVIS  radiance  values. 

Measurements  in  the  cargo  bay  indicate  that  NVIS  radiance  levels  are  so  low  that 
it  is  unlikely  that  the  new  paint  scheme  will  have  any  noticeable  effect  on  NVG 
operations  performed  there. 
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Table  2:  Summary  of  Broadband  Surface  Reflectances 


Paints 

Original  Green  (Both  Aircraft) 

New  Blue,  Color  #25414  (Replaces  Original  Green) 
Original  Beige  (Both  Aircraft) 

New  Glossy  Beige,  Color  #23531  (Replaces  Original  Beige) 

Reflectance 

22% 

29% 

24% 

60% 

Materials 

Reflectance 

Ceilings  -  Perforated  Vinyl: 

Original  Green  (C-I30) 

23% 

Original  Beige  (C-141) 

32% 

New  Glossy  Beige 

45% 

Seat  Covers: 

Original  Orange  (Both  Aircraft) 

28% 

New  Blue/Lamb’s  Cloth 

44% 

Seat  Arms: 

Original  Orange  Vinyl  (Both  Aircraft) 

17% 

New  Blue  Vinyl  (Both  Aircraft) 

7% 

Floors: 

Original  Green  Linoleum  (C-130) 

38% 

Original  Tan  (0-141) 

34% 

New  Dark  Blue  (Both  Aircraft) 

5% 

New  Aluminum  (C-130) 

OFF  SCALE* 

*Tch»  bright  to  measure  with  equipment 
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Human  Factors 


Crewmembers  were  asked  to  list  the  four  most  critical  visual  tasks  they  perform 
during  a  typical  NVG  mission,  and  to  rate  the  impact  of  the  modified  interior  on  the 
performance  of  each  task.  Only  one  crewmember  reported  that  the  modified  interior  had 
any  noticeable  effect  on  his  performance.  All  remaining  crewmembers  reported  "no 
change"  for  each  task  listed.  The  one  crewmember  who  reported  a  difference  was  a 
C-130  pilot  who  indicated  that  the  modified  interior  scheme  was  slightly  worse  with 
respect  to  his  four  most  critical  tasks  of  take-off,  landing,  airdrop,  and  low  level  flight. 

He  attributed  this  to  glare  or  "window  shadow"  caused  by  increased  reflections  in  the 
windscreen.  A  C- 141  flight  engineer  reported  that  the  modified  interior  scheme  had 
resulted  in  improved  visibility  around  the  rear  of  the  flight  deck  for  non-NVG  conditions. 
He  attributed  this  improvement  to  the  reductions  in  glare  from  the  floor  and  seat 
coverings  at  the  rear  of  the  flight  deck  in  the  modified  aircraft. 


Crewmembers  were  asked  to  indicate  whether  any  reflections  were  noticeable 
within  the  NVG  intensified  field-of-view  that  they  believe  were  due  to  the  modified 
interior.  No  noticeable  reflections  were  noted  by  C-141  crewmembers.  Two  C-130 
crewmembers  reported  slight  reflections  on  the  windscreen.  One  of  these  crewmembers 
reported  that  the  modified  floor  surface  and  beige  ceiling  at  the  pilot  and  co-pilot 
positions  were  very  reflective.  This  crewmember  reported  that  lights  from  the  navigator 
station  reflected  off  the  ceiling  of  the  flight  deck.  A  C-130  flight  engineer  noted  slight 
glare  from  reflections  on  the  windscreen  during  ground  operations. 


Crewmembers  were  also  asked  if  the  modified  interior  scheme  affected  previously 
existing  lighting  compatibility  problems.  Only  one  C-130  pilot  noted  any  change  for  the 
worse  in  lighting  compatibility  between  the  original  and  modified  scheme.  This 
individual  noted  that  the  instrument  panel  lighting  compatibility  was  slightly  worse 
because  of  the  reflections  from  the  shiny  aluminum  floor  surface  at  the  pilot  station. 


Finally,  each  crewmember  was  asked  if  he  could  safely  and  effectively  perform 
the  Special  Operations,  Low  Level  (SOLL II)  mission  with  an  aircraft  refurbished  with 
the  new  interior  materials.  All  crewmembers  surveyed  indicated  they  believed  they  could 
safely  undertake  SOLL  II  missions  in  modified  aircraft. 
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IV.  CONCLUSIONS 


The  results  of  the  current  analyses  indicate  that  reflected  ambient  light  in  the 
interiors  of  C-l  30  and  C-141  aircraft  modified  as  part  of  the  Equipment  Excellence 
Interior  Material  Program  should  not  be  expected  to  interfere  with  NVG  operations. 

NVIS  radiance  measurements  indicated  that  while  the  visible  and  near  infrared 
reflectances  of  the  new  surfaces  are  in  general  increased  vis-a-vis  those  of  the  original 
configurations,  surface  NVIS  radiance  levels  were  still  well  within  the  limits  established 
in  MIL-L-85762A.  One  notable  exception  is  the  polished  aluminum  floor  at  the  pilot's 
and  co-pilot's  stations  in  the  C-l 30  cockpit.  The  human  factors  analysis  corroborated  this 
finding  in  that  the  overwhelming  majority  of  crewmembers  reported  that  they  did  not 
notice  any  negative  impact  of  the  new  design  on  NVG  performance.  Nevertheless,  two 
aspects  of  the  modified  design  do  result  in  increased  surface  reflectance  in  the  cockpit. 
These  are: 


1 .  The  polished  aluminum  floor  at  the  pilot's  and  co-pilot's  positions  in  the 
C-l 30  cockpit.  This  represents  a  highly  undesirable  surface  material  due  to  the 
unavoidable  bright  specular  reflections  associated  with  such  a  finish. 

2.  The  beige-colored  surfaces  in  the  cockpits  of  both  aircraft. 

There  was  no  observed  glare  on  the  forward  windscreens  within  one  steradian  of 
the  pilot's  design  eye  position,  in  conformance  with  the  military  standard.  However,  glare 
is  present  in  the  side  windows  of  both  aircraft,  more  noticeably  in  the  C-I30.  It  is 
important  to  note  that  if  all  cockpit  lighting  was  NVG  compatible,  then  the  incidence  of 
cockpit  lighting  energy  upon  the  windscreens  would  not  be  a  matter  of  concern. 
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Appendix  A 


C-13 0/141  INTERIOR  PAINT  SCHEME 
NVG  EVALUATION  QUESTIONNAIRE 


Name 


NVG  Type 


Aircraft 


Position 


Approximate  hours  of  NVG  flight  experience  with: 

Old  paint  scheme  _  hrs. 

New  paint  scheme  _  hrs. 


1.  List  the  four  most  critical  VISUAL  tasks  you  perform  with  NVGs  during  a 
typical  night  mission  and  for  each  task  use  the  scale  provided  to  rate  any 
differences  between  the  old  and  new  interior  paint  schemes  you  may  have 
experienced  in  performing  each  task. 

Task  No  Slight 

Change  Improvement 


Significant 

Improvement 


Slightly  Signif. 
Worse  Worse 


2.  For  those  tasks  which  you  rated  anything  other  than  NO  CHANGE f  please 
describe  the  differences  in  performing  them  between  the  old  and  new  interior 
paint  scheme  in  the  space  below: 


3.  Please  describe  any  REFLECTIONS  within  the  NVG  field  of  view  that  you 
believe  were  caused  by  the  interior  paint  scheme  for  the: 

Old  scheme  __ _ _ _ _ 

New  scheme  . . . . . . 
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4.  Please  list  the  reflection  and  rate  its  effect  on  your  performance  while 
wearing  NVGs  below. 

Reflection;  _ 

No  Effect  on  performance 

_ _  Slight  (NVG  performance  only  slightly  affected  5 

Moderate  (reflections  limited  the  ability  to  perforin  NVG  operations) 
Signifcant  (reflections  made  it  impossible  to  perform  duties  with  NVGs) 

Reflection;  _ 

No  Effect  on  performance 

_  Slight  (NVG  performance  only  slightly  affected) 

Moderate  (reflections  limited  the  ability  to  perforin  NVG  operations) 
Significant  (reflections  made  it  impossible  to  perform  duties  with  NVGs) 

5.  Under  the  old  interior  paint  scheme,  what  was  the  greatest  lighting 
compatibility  problem  with  NVGs  at  your  crew  position? 


6.  How  was  this  problem  affected  by  the  new  interior  scheme? 
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SUMMARY 


In  an  effort  to  incorporate  color  into  night  vision  imaging  system  (NVIS)  compatible 
cockpits,  the  F-16  System  Program  Office  (SPO)  contracted  with  Lockheed  Martin  for  the  F-16 
Common  Configuration  Implementation  Program  (CCIP).  Lockheed  contracted  with 
Honeywell’s  Aerospace  Electronic  Systems  division  for  the  design  and  development  of  a  Color 
Multifunction  Display  (CMFD).  After  preliminary  operational  testing,  some  observers  felt  that 
the  CCIP  Common  Color  Multi-Function  Display  (CCMFD)  did  not  present  video  with  the  same 
level  of  detail  in  NVIS  mode  as  seen  in  daytime  mode.  The  CCMFD  might  also  be  interfering 
with  vision  through  night  vision  goggles  (NVGs),  noticeably  reducing  visual  acuity,  suggesting 
that  the  display  might  not  be  truly  NVIS  compatible.  In  addition,  pilots  wearing  NVGs,  which 
can  provide  up  to  5  footLamberts  (fL)  of  light  to  the  observer’s  eyes,  felt  that  the  display  was  too 
dim  to  easily  read  under  certain  conditions  after  prolonged  exposure  to  bright  NVGs. 

To  address  these  concerns,  the  Air  Force  Research  Laboratory,  Human  Effectiveness 
Directorate,  AFRL/HECV,  ran  a  series  of  tests  with  the  assistance  of  the  F-16  SPO,  the  Air 
Force  Reserve  and  Air  National  Guard  Test  Center  (AATC/DO),  Honeywell,  and  Lockheed- 
Martin,  to  assess  the  NVIS  compatibility  and  legibility  of  the  CCMFD  in  its  NVIS  mode.  These 
tests  showed  that  CCMFD  met  all  existing  NVIS  B  compatibility  criteria.  The  color  coordinates 
chosen  by  Honeywell  allowed  for  good  color  discrimination  and  for  an  appealing,  full-color 
display.  Certain  colors  were  displayed  at  lower  luminance  than  desired  by  many  observers,  but 
the  display  met  the  luminance  requirements  stated  in  MIL-L-85762A. 

Even  though  the  display  met  the  requirements  of  MIL-L-85762A,  interactions  with  F-16 
pilots  with  NVG  experience  during  the  tests  yielded  a  number  of  interesting  observations. 
According  to  one  observer,  the  CCMFD  displaying  the  target  pod  FLIR  video  in  NVIS  mode 
was  too  dark  to  distinguish  the  level  of  detail  needed  for  targeting.  When  information  is 
displayed  at  high  densities,  such  as  the  FLIR  image,  more  light  is  required  to  discern  details. 
During  the  demonstration,  the  Honeywell  representative  set  the  display  in  day  mode  and  adjusted 
the  illumination  until  the  observer  said  it  was  bright  enough  for  targeting.  At  the  observer’s 
preferred  setting,  the  luminance  of  the  display  measured  90  fL.  This  much  light  in  the  cockpit 
may  degrade  the  pilot  s  visual  capability  looking  out  of  the  cockpit  and  may  negatively  impact 
NVG  performance.  It  was  discovered  that  pilots  flying  Block  30  aircraft  in  the  NVIS  mode  are 
forced  to  set  their  lighting  to  a  very  bright  level,  nearly  to  the  maximum  luminance  of  which  the 
NVIS  lighting  is  capable,  to  see  features  of  the  horizontal  situation  indicator  (HSI)  and  fuel 
totalizer.  Again,  the  additional  light  may  degrade  the  pilot’s  visual  performance  and  may 
negatively  impact  vision  through  NVGs, 

There  appears  to  be  a  system-wide  compatibility  issue  with  the  NVGs.  However,  initial 
flight  programs  have  found  the  displays  to  be  acceptable.  The  CCMFD's  have  passed 
qualification  testing  and  bench  testing  for  NVIS  compatibility.  Increasing  the  luminance  of  the 
CCMFD  will  require  a  design  change.  The  desired  luminance  level  remains  unclear  at  this  time. 
What  is  needed  is  an  examination  of  the  cockpit  as  a  system  to  determine  what  could  benefit 
from  change.  Areas  other  than  display  luminance  that  may  require  attention  include  reexamining 
the  visibility  requirements  for  NVIS  displays,  tightening  the  requirements  for  NVIS 
compatibility  specifically  for  liquid  crystal  displays  (LCDs),  minimizing  the  windscreen 
reflectivity,  or  even  improving  cockpit  display  luminance  balance. 
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INTRODUCTION 


The  F- 16  is  a  single-engine,  single  or  two-seat,  multi-role  tactical  fighter  with  full  air-to-air 
and  air-to-ground  combat  capabilities.  The  F-16  System  Program  Office  (SPO),  ASC/YP 
located  at  Wright-Patterson  AFB,  OH,  is  responsible  for  the  development  of  F-16  systems’ 
capable  of  meeting  the  warfighter’s  operational  requirements.  F-16  avionics  support  all-weather 
air-to-ground  attack  and  air-to-air  missions.  In  support  of  these  missions,  the  F-16  uses  two 
Common  Color  Multi-Function  Displays  (CCMFDs)  compatible  with  a  Night  Vision  Imaging 
System  (NVIS)  or  Night  Vision  Goggles  (NVGs). 

In  an  effort  to  incorporate  color  into  night  vision  imaging  system  (NVIS)  compatible 
cockpits,  the  F-16  System  Program  Office  (SPO)  contracted  with  Lockheed  Martin  for  the  F-16 
Common  Configuration  Implementation  Program  (CCIP).  Lockheed  contracted  with 
Honeywell’s  Aerospace  Electronic  Systems  division  for  the  design  and  development  of  a  Color 
Multifunction  Display  (CMFD).  Honeywell  Electronic  Systems,  Albuquerque  NM,  developed 
the  CMFD’s  in  the  late  1990’s.  The  F-16  CCMFD  is  intended  to  be  a  replacement  for  the  F-16 
CFMD,  which  suffers  from  serious  diminishing  material  source  (DMS)  issues.  As  a  result,  the 
F-16  CCMFD  was  developed  using  common,  industrial  grade  components.  The  CCMFD  is  a  4- 
inch  by  4-inch  display  and  provides  the  pilot  with  high-resolution,  full  color  video  in  different 
ambient  conditions  (e.g.,  full  sunlight  to  low  starlight  levels).  This  display  was  intended  to 
replace  the  standard  cathode  ray  tube  based  MFD  with  which  the  Block  40  and  newer  F-16’s  are 
currently  equipped.  The  CCMFD’s  specification  required  Honeywell  to  meet  MIL-L-85762A, 
Military  Specification,  Lighting,  Aircraft,  Interior,  Night  Vision  Imaging  System  Compatible 
requirements. 

To  determine  if  the  new  color  multifunction  display  could  be  integrated  into  older  aircraft 
flown  by  the  Air  National  Guard  and  Air  Force  Reserves,  the  Air  National  Guard  and  Air  Force 
Reserve  Test  Center  (AATC/DO)  in  Tucson,  AZ,  asked  for  Honeywell  to  demonstrate  their 
display  on  an  NVIS  compatible  aircraft  at  AATC/DO.  A  number  of  researchers  from 
AFRL/HEA,  Mesa,  AZ,  assisted  this  effort  by  performing  a  series  of  tests  intended  to  assess  the 
NVIS  compatibility  of  prototype  cockpit  displays  and  lighting. 

After  preliminary  testing  in  Tucson,  some  observers  felt  that  the  CCMFD  suffered  from  a 
few  noteworthy  problems.  First,  it  did  not  present  video  with  the  same  level  of  detail  in  NVIS 
mode  as  seen  in  daytime  mode.  The  image  quality  of  the  display  when  set  in  NVIS  mode  was 
not  as  good  as  one  would  prefer  for  many  of  the  F-16’s  missions.  It  was  also  noted  that  the 
CCMFD  might  also  be  interfering  with  or  degrading  visual  performance  through  night  vision 
goggles  (NVGs).  A  measurable  reduction  in  visual  acuity  through  NVGs  was  attributed  to  the 
CCMFD,  suggesting  that  the  display  might  not  be  truly  NVIS  compatible.  In  addition,  pilots  felt 
that  the  display  was  too  dim  to  easily  read  small  symbols  and  characters  on  the  CCMFD  under 
certain  conditions  after  prolonged  exposure  to  bright  NVGs.  Initially,  this  was  attributed  to 
possible  loss  of  dark  adaptation  due  to  prolonged  exposure  to  NVGs,  some  of  which  are  capable 
of  presenting  a  5  fL  image  to  the  observer,  under  the  proper  conditions. 

As  a  result  of  these  tests,  the  F-16  SPO  asked  the  Air  Force  Research  Laboratory,  Human 
Effectiveness  Directorate,  AFRL/HECV,  Wright-Patterson  AFB  to  examine  the  issues  noted  by 
AATC/DO  and  demonstrate  the  visual  phenomena  in  the  laboratory.  Before  the  displays  could 
be  made  available  for  laboratory  testing,  initial  studies  were  restricted  to  examining  the  visibility 
of  small  characters  whose  luminance  was  in  the  range  displayed  by  the  CCMFD.  An  experiment 
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was  assembled  to  test  the  hypothesis  that  observers  adapting  to  a  bright  NVG  image  could  have 
more  difficulty  reading  small,  dim  display  characters.  The  visual  acuity  of  several  observers  was 
measured  after  prolonged  exposure  to  bright  NVGs.  After  dark-adapting  for  10  minutes,  the 
observer’s  baseline  acuity  was  measured  using  a  self-luminous  array  of  Landolt  C’s  (Figure  1). 
Then  the  observer  was  exposed  to  a  4  fL  NVG  output.  Visual  acuity  was  measured  every  15 
minutes  for  one  hour.  The  experiment  was  repeated  twice,  once  with  the  display  luminance  set 
to  1.0  fL  and  again  with  a  display  luminance  of  0.1  fL.  Studies  showed  acuity  to  be  the  same  at 
the  end  of  the  hour  of  exposure  as  the  baseline  measurement,  indicating  that  acuity  was 
independent  of  NVG  exposure  time. 

This  result  is  supported  by  research  conducted  independently  at  AFRL/HEA,  Mesa,  A Z  and 
documented  in  a  paper  soon  to  be  released  in  the  Journal  of  Aviation,  Space,  and  Environmental 
Medicine  (ASEM)  [Howard,  Reigler,  and  Martin,  in  press].  This  paper  described  an  experiment 
that  measured  the  response  time  of  a  number  of  subjects  reading  a  simulated  NVIS  compatible 
altitude  direction  indicator  (ADI)  as  a  function  of  the  log  luminance  ratio  of  a  bright  NVG  and  a 
dim  display.  Howard,  Reigler,  and  Martin  noted  measurable  increases  in  response  time  at  log 
luminance  ratios  of  two  or  greater  (Figure  2).  The  log  of  the  luminance  ratios  experienced  by 
observers  in  the  AFRL/HECV  experiment  viewing  Landolt  C’s  never  exceeded  1.6,  minimizing 
the  impact  of  this  phenomenon. 


o  O  O  c  0-0  0  o  c  o 
o  o  O  O  O  COCOO 

o  o  o  o  c 

o  c  o 


Figure  1.  Landolt  C’s  (left)  and  goggle  mount  (right)  used  in  preliminary  study  to  assess  the 

visibility  of  small,  dimly  lit  characters. 
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Figure  2.  Increase  in  reaction  time  as  function  of  luminance  ratio  in  log  units  for  three  different 
targets  (10  fL  small,  3  fL  small,  and  ~3  fL  large)  for  one  observer.  [Howard,  Reigler,  and  Martin, 

in  press] 

In  light  of  this  result,  the  F-16  SPO,  AATC/DO,  and  Honeywell  agreed  that  the  visual 
interactions  between  the  CCMFD  and  state-of-the-art  night  vision  systems  should  be  studied  in 
greater  detail.  At  the  end  of  January  2001 ,  Honeywell  provided  two  CCMFD’s  for  examination 
by  AFRL/HECV  at  Wright-Patterson  AFB,  OH.  This  report  documents  the  procedures  applied 
in  the  analysis  of  the  displays,  the  data  acquired,  and  the  results  of  demonstrations  of  the  visual 
phenomena  noted  at  AATC/DO. 


MEASUREMENTS  AND  DATA 


To  examine  the  displays,  a  number  of  quantitative  laboratory  tests  and  demonstrations  were 
held  29  Jan  -  2  Feb  2001  at  AFRL/HECV.  Measurements  made  to  characterize  the  displays 
included  spectral,  NVIS  radiance,  luminance,  luminance  uniformity,  and  character  size.  In 
addition,  a  low-fidelity  cockpit  simulation  was  assembled  to  recreate  a  number  of  visual 
phenomena  under  controlled  conditions  that  were  reported  from  initial  operational  testing.  The 
test  plan  as  compiled  in  January  2001  appears  in  Appendix  A  as  additional  information. 

Spectral  Measurements 

A  considerable  amount  of  data  could  be  obtained  simply  by  making  spectral  measurements 
of  the  light  emitted  from  the  display.  Display  radiance,  NVIS  radiance,  luminance,  and  color 
coordinates  can  all  be  calculated  once  the  spectral  content  of-the  emitted  light  is  known. 
Measurements  were  made  using  an  Instrument  Systems  IS  320  radiometer  (Figure  3)  capable  of 
measuring  NVIS  radiance.  To  start  the  measurements,  the  display  was  placed  on  a  stage  24 
inches  from  the  radiometer’s  measurement  head.  A  four-segmented  image  made  up  of  quadrants 
of  color:  red,  green,  blue,  and  either  black  or  white,  was  placed  on  the  display  (Figure  4).  The 
radiometer’s  head  was  then  aligned  to  each  of  the  four  colors  and  measured  in  sequence. 
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Measurements  were  made  at  three  luminance  levels:  full  NVIS  bright,  half  full  bright,  and  one 
increment  above  off.  Once  all  three  measurements  were  completed,  the  radiometer  head  was 
realigned  on  a  different  color  quadrant  of  the  display  and  the  measurements  repeated.  To  get  the 
fifth  color,  either  black  or  white,  a  second  quadrant  target  was  displayed  and  measured.  To 
verify  that  the  red,  green,  and  blue  color  patches  were  the  same  on  the  two  quadrant  targets,  one 
color  was  chosen,  measured  again  from  the  second  quadrant  target,  and  compared  to  the  previous 
measurements  of  that  color.  Data  was  saved  to  a  computer  file  for  extraction  and  analysis  later. 
The  data  extracted  on  display  NVIS  A  and  B  radiance,  luminance  and  chromaticity  are  displayed 
in  Table  1  through  Table  6  of  this  document.  Examples  of  the  spectral  data  obtained  in  this 
effort  are  displayed  in  Figure  5  through  Figure  9  below. 


Figure  3.  CCMFD  in  position  for  spectral  measurements. 


Figure  4,  Target  used  for  spectral  measurements 
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Table  1 .  Display  NVIS  radiance,  luminance,  and  UCS  chromaticity  for  S/N  902002,  display  set 
_ to  full  bright. _ _ _ 


NVIS  A 

NVIS  B 

Luminance 

u* 

V' 

red 

5.35E-08 

3.48E-09 

0.226 

0.4028 

0.5306 

green 

4.47E-09 

2.70E-10 

0.559 

0.1547 

blue 

1.83E-09 

2.83E-10 

0.118 

0.1060 

0.4111 

white 

1 .66E-08 

1.20E-09 

0.1996 

0.5258 

black 

2.35E-08 

1.33E-08 

0.003 

0.1846 

0.5160 

Table  2.  Display  NVIS  radiance,  luminance,  and  UCS  chromaticity  for  S/N  902002,  display  set 
_ to  half  bright. _ _ 


NVIS  A 

NVIS  B 

Luminance 

u’ 

V' 

red 

5.18E-08 

3.13E-09 

0.026 

0.4000 

0.5311 

green 

4.37E-09 

2.49E-10 

0.065 

0.1363 

blue 

1.08E-09 

5.96E-1 1 

0.014 

0.1086 

0.4086 

white 

1.72E-08 

1.04E-09 

0.103 

0.2049 

0.5245 

black 

1.53E-08 

4.44E-09 

0.003 

0.1923 

0.5119 

Table  3.  Display  NVIS  radiance,  luminance,  and  UCS  chromaticity  for  S/N  902002,  display  set 

to  one  increment  above  off.  _ 


NVIS  A 

NVIS  B 

Luminance 

u’ 

V* 

red 

5.01  E-08 

2.29E-09 

0.006 

0.4123 

0.5341 

green 

2.50E-09 

9.67E-11 

0.015 

0.1388 

0.5603 

blue 

5.30E-10 

5.06E-11 

0.003 

0.1028 

0.3982 

1 .75E-08 

8.83E-10 

0.022 

0.2037 

0.5230 

Table  4.  Display  NVIS  radiance,  luminance,  an 

to  full 

d  UCS  chromaticity  for  S/N  901002,  display  set 
bright. 

NVIS  A 

NVIS  B 

Luminance 

V’ 

red 

5. 64  E-08 

5.03E-09 

0.245 

0.5306 

green 

3.66E09 

3.02E-10 

0.540 

0.1409 

0.5563 

blue 

2.43E-09 

4.97E-10 

0.108 

0.1108 

0.3887 

white 

0.833 

0.2012 

0.5213 

black 

1 .75E-08 

6.85E-09 

0.003 

0.1775 

0.5036 

Table  5.  Display  NVIS  radiance,  luminance,  and  UCS  chromaticity  for  S/N  901002,  display  set 
_ _ _ to  half  bright. _ _ _ 


NVIS  A 

NVIS  B 

Luminance 

u’ 

V* 

red 

5.58E-08 

4.13E-09 

0.029 

0.4047 

0.5299 

green 

3.39E-09 

1.41E-10 

0.066 

0.1401 

0.5565 

blue 

1 .56E-09 

9.12E-11 

0.013 

0.1088 

0.3879 

white 

1 .74E-08 

1 .44E-09 

0.104 

0.2007 

0.5202 

black 

6.86E-08 

5.51  E-08 

0.000 

0.2260 

0.5413 

Table  6.  Display  NVIS  radiance,  luminance,  and  UCS  chromaticity  for  S/N  901002,  display  set 

to  one  increment  above  off. 


NVIS  A 

NVIS  B 

Luminance 

U' 

V1 

red 

5.20E-08 

3.55E-09 

0.006 

0.4110 

0.5324 

green 

2.85E-09 

1.34E-10 

0.014 

0.1392 

0.5597 

blue 

7.69E-10 

3.85E-11 

0.003 

0.1073 

0.3755 

white 

1 .95E-08 

1.47E-09 

0.020 

0.2059 

0.5171 
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Figure  8.  Radiance  as  a  function  of  wavelength  for  CCMFD  white,  display  set  for  full 

brightness. 


Figure  9.  Radiance  as  a  function  of  wavelength  for  CCMFD  black,  display  set  for  full 

brightness. 


Luminance  Uniformity 

In  addition  to  the  spectral  measurements  described  in  the  previous  section,  the  F-16  SPO 
asked  for  an  evaluation  of  the  luminance  uniformity  of  the  CCMFD  to  verify  that  the  display  met 
their  uniformity  requirement.  To  save  time,  only  one  display  was  measured.  The  test  required 
the  display  to  be  illuminated  all  in  one  color.  The  display’s  luminance  was  measured  for  nine 
locations  (Figure  10)  using  a  Minolta  hand-held  photometer  placed  43  inches  from  the  face  of 
the  display.  The  photometer’s  one-degree  field  of  view  measured  a  0.75-inch  diameter  circle  at 
the  display,  insuring  that  there  was  no  overlap  between  measurements.  Display  luminance 
uniformity  was  measured  for  red,  green,  blue,  and  white.  The  data  collected  are  presented  in  this 


report  in  Table  7. 
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Figure  10.  Relative  locations  on  the  CCMFD  of  the  luminance  uniformity  measurements 
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The  most  noticeable  trend  found  in  luminance  uniformity  was  a  decrease  in  display  luminance  as 

the  measurements  moved  farther  from  the  top  edge  of  the  display.  In  addition,  the  upper  comers 

tended  to  be  brighter  than  the  lower  comers.  The  percent  uniformity  ( Uniformity )  was  calculated 

for  each  tested  color  using  the  following  equation: 

tt  -r  ^  Max -Min 

Uniformity  - x  1 00% 

Max 

Here,  Max  and  Min  are  the  maximum  and  minimum  luminance  respectively,  measured  for  a 
particular  color  from  the  display.  The  resulting  calculated  percentages  are  listed  in  Table  8, 


Table  8.  Luminance  uniformity  of  the  CCMFD  (S/N  902002)  for  the  four  measured  colors 

_ expressed  as  a  percentage. _ 


Color 

%  Uniformity 

Red 

7.7 

Green 

12.9 

Blue 

13.3 

White 

13.3 
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Character  Size  Measurement 

One  of  the  most  pressing  issues  left  unexamined  by  initial  tests  at  AATC/DO  in  Tucson  was 
the  size  of  the  characters  that  were  considered  difficult  to  read.  The  impact  of  the  physical  size 
of  a  target  on  its  visibility  is  easy  to  understand.  Larger  targets  are  simply  easier  to  see  [Cobb 
and  Moss  1928],  Due  to  the  nature  of  the  tests  conducted  at  AATC/DO,  researchers  were  unable 
to  measure  the  size  of  the  characters  displayed  on  the  CCMFD.  The  symbol  sets  used  were  not 
the  symbology  commonly  used  on  the  F- 16  MFD,  but  rather  were  the  result  of  the 
manufacturer’s  best  guess  at  what  the  aircraft  symbol  generator  might  present  on  the  display.  To 
display  this  symbology,  characters  were  generated  on  a  personal  computer  and  relayed  to  the 
displays  through  considerable  electronics. 

To  measure  the  characters  of  interest,  the  individual  files  were  first  printed  in  the  proper 
aspect  ratio  using  a  high  quality  laser  printer  (600  dpi).  Symbols  were  then  measured  from  the 
paper  using  a  20X  loupe  and  reticule.  To  check  these  measurements,  a  number  of  characters 
were  measured  both  off  the  paper  printouts  and  directly  from  the  displays  themselves  using  the 
same  loupe  and  compared.  Comparison  of  the  two  sets  of  measurements  showed  both 
approaches  to  yield  the  same  results  to  within  the  accuracy  of  the  measurement  loupe. 


CRM  RWS  NORM  OVRD  CNTL 
15L  210  540  +900K: 


Figure  11.  Conceptual  image  of  tactical  data  displayed  on  the  CCMFD.  Figure  reproduced  to 

actual  scale  (4  inches  X  4  inches). 

The  smallest,  dimmest  characters  (the  characters  most  difficult  to  see)  were  the  blue  letters 
and  numbers,  measuring  0.089  inches  high  and  0.059  inches  wide.  Observing  these  symbols  at 
28  inches,  the  nominal  observation  distance  for  this  display  in  the  F-16,  the  characters  would  be 
10.9  arc  minutes  tall.  This  translated  to  a  Snellen  acuity  of  about  20/43.5.  One  should  note  that 
the  displayed  characters  were  not  similar  to  those  commonly  used  in  acuity  testing,  and  did  not 
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exhibit  the  defined  length  to  width  to  stroke  aspect  ratio.  Therefore,  this  analysis  only  yielded  an 
estimate  of  Snellen  acuity.  The  actual  visual  acuity  of  these  characters  was  undoubtedly  worse. 

At  the  writing  of  this  report,  it  was  unclear  if  the  symbols  presented  in  the  laboratory  at 
AFRL/HECV  were  the  same  as  those  considered  difficult  to  read  at  AATC/DO.  Many  believe 
that  the  characters  used  at  AFRL/HECV  had  thicker  line  widths,  making  them  easier  to  read. 

The  usefulness  of  these  measurements  in  explaining  the  objectionable  conditions  is,  therefore, 
somewhat  questionable  for  two  reasons.  First,  the  symbols  might  not  be  the  ones  found 
objectionable  at  AATC/DO  in  November.  Secondly,  they  do  not  accurately  represent  the 
symbols  that  would  be  displayed  in  an  operational  aircraft.  However,  these  measurements  did 
establish  the  size  of  characters  used  in  AFRL/HECV  demonstration. 


_  Gain  and  Spectral  Sensitivity 

The  two  night  vision  goggles  loaned  to  AFRL/HECV  by  AATC/DO  were  both  AN/AVS-9 
(F4949)  devices  manufactured  by  ITT  Night  Vision  Industries.  One  was  an  older  C  model 
AN/AVS-9,  S/N  0568,  having  lower  gain  and  a  slightly  different  focus  mechanism  than  state-of- 
the-art  night  vision  devices  currently  flying  in  the  US  Air  Force.  The  other  was  a  new  G  model 
AN  AVS-9,  S/N  5587,  exhibiting  high  gain  and  high  optical  performance.  Both  were  tested  for 
gam  and  spectral  sensitivity  established  procedures  [Task,  Hartman,  Marasco,  and  Zobel  1993]. 
Brief  descriptions  of  the  procedures  and  the  data  acquired  from  the  two  goggles  used  in  the 
demonstration  are  provided  in  Appendix  B  and  C  as  additional  information. 


Vision  Demonstration 

To  better  examine  the  interaction  between  the  display,  the  cockpit,  and  the  night  vision 
goggle,  a  demonstration  was  assembled  in  a  laboratory  at  AFRL/HECV.  This  demonstration 
placed  observers  in  a  simulated  cockpit  with  the  CCMFDs  and  required  them  to  assess  their  own 
visual  performance  under  a  number  of  conditions.  Observer  comments  were  noted  and  reviewed 
to  determine  the  combinations  of  conditions  under  which  visual  performance  was  unacceptably 
degraded. 


Conditions  and  Procedure 

To  assemble  the  cockpit  simulation,  the  displays  were  placed  in  the  correct  geometry  with 
respect  to  the  observer’s  eye  position  using  information  provided  by  Lockheed-Martin  (Figure 
12,  Table  9).  The  distances  listed  in  Table  9  are  in  inches  and  are  relative  to  the  observer’s 
correct  eye  position.  In  Table  9,  the  column  labeled  Distance  lists  the  distance  to  the  displays 
from  the  eye  position.  The  column  labeled  Horizontal  describes  the  separation  between  the 
displays.  The  column  labeled  V ertical  describes  the  distance  the  displays  were  placed  below  the 
observer’s  line  of  sight. 


Table  9.  Coordinates  of  the  four  comers  and  the  center  of  the  two  CCMFD’s  as  positioned  in  the 
_ 1 _ _  *  *  -  _  r 


Distance 

Horizontal 

Vertical 

Upper  Outboard 

28.6 

±8.8 

-12.5 

Upper  Inboard 

28.6 

±4.5 

-12.5 

Center 

28 

±6.7 

-14.5 

Lower  Outboard 

27.5 

±8.8 

-16.5 

Lower  Inboard 

27.5 

±4.5 

-16.5 
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An  electro-luminescent  (EL)  panel  was  mounted  to  a  post  near  the  displays  to  add  additional 
NVIS  “compatible”  light,  simulating  the  effect  of  other  lights  in  the  cockpit.  The  light  from  the 
EL  panel  was  diffused  by  reflecting  it  off  a  large,  flat,  white  surface.  A  3X3  NVG  resolution 
target  (Figure  13)  was  placed  in  space  15  feet  from  the  observer  position.  The  target  was 
provided  as  a  visual  performance  reference  to  assist  the  observers  in  assessing  the  impact  of  the 
different  display  and  lighting  conditions.  A  sheet  of  Plexiglas  was  placed  between  the  observer 
and  the  acuity  target  to  reflect  EL  light  back  towards  the  observer.  This  created  a  veiling 
luminance  that  could  interfere  with  visual  performance  (Figure  14)  as  a  windscreen  would  in  a 
real  cockpit. 
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Figure  14.  View  of  a  resolution  target  from  the  simulated  cockpit. 

The  experimental  conditions  examined  were  based  on  the  observations  made  at  AATC/DO. 
It  was  expected  that  exterior  target  luminance  and  CCMFD  luminance  would  have  the  largest 
impact  on  visual  performance.  In  addition,  the  amount  of  additional  cockpit  lighting  was  also 
expected  to  affect  vision,  making  it  a  logical  factor  to  include.  Finally,  the  level  of  NVG 
performance  was  also  suspected,  not  necessarily  of  being  a  factor  affecting  vision  by  itself,  but 
of  being  part  of  an  interaction  involving  the  display  luminance  and  cockpit  lighting.  A  factor 
describing  goggle  performance  was  therefore  included.  One  should  note  that  newer  NVGs  tend 
to  have  improvements  in  a  number  of  parameters,  including  higher  gain,  higher  spectral 
sensitivity,  and  different  minus-blue  filters,  making  them  perform  differently  than  older  goggles. 
Due  to  the  limited  number  of  NVGs  available  for  this  demonstration,  it  was  impossible  to 
differentiate  the  effects  of  the  different  NVG  parameters  on  vision. 


Figure  15.  CCMFD  compass  demonstration.  This  image  is  not  indicative  of  information 

currently  displayed  on  the  F- 16  MFD. 
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Figure  16.  FLIR  image  (left)  and  full  color  map  (right).  Both  images  are  not  indicative  of 
information  currently  displayed  on  the  F- 16  MFD. 


Two  levels  of  each  factor  examined  were  used  in  the  demonstration.  The  target  luminances 
presented  to  the  observers  were  half  moon  (1.18X10'2  fL)  and  half  starlight  (2.94X1  O'4  fL)  using 
a  blackbody  source  having  approximately  a  2850  degree  K  color  temperature.  The  bright  and 
dim  conditions  for  the  CCMFD  were  established  not  by  the  luminance  of  the  individual 
characters,  but  by  the  amount  of  the  display  illuminated.  For  the  dim  conditions,  images  having 
bright  characters  on  a  black  background,  such  as  the  tactical  display  (Figure  1 1)  and  a  compass 
(Figure  15),  were  displayed.  The  bright  condition  employed  images  where  the  whole  display 
was  illuminated  to  some  degree,  such  as  forward-looking  infrared  (FLIR)  imagery  and  a  full- 
color  moving  map  (Figure  16).  One  should  note  that  these  images  were  intended  for  marketing 
demonstrations  only  and  do  not  accurately  reflect  information  normally  displayed  on  the  F- 16 
multi-function  display.  Two  levels  of  additional  extraneous  NVIS  “compatible”  lighting  were 
also  examined  in  the  demonstration.  The  two  levels  used  were  1  fL  to  represent  the  luminance 
level  commonly  found  in  bright  NVIS  compatible  cockpits  (“on”),  and  no  additional  light 
(“off’).  As  noted  earlier,  the  two  NVGs  examined  were  both  AN/AVS-9’s.  One  was  a  C  model 
with  a  Class  A  minus-blue  filter,  the  other  a  G  model  with  a  Class  C  minus-blue  filter. 

Observers  were  presented  all  combinations  of  these  four  factors,  creating  16  experimental 
conditions.  The  output  luminances  from  the  two  NVGs  for  the  deferent  conditions  were 
measured  and  recorded  in  Table  10.  In  addition,  Table  10  includes  the  output  luminances 
measured  through  the  goggles  with  the  displays  turned  off.  These  conditions  were  not  presented 
to  the  observer,  but  were  measured  because  they  were  considered  important  to  the  analysis  of  the 
displays. 
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Table  10  Goggle  output  luminances  for  the  experimental  conditions. 


C  Mod 

- - - ‘T.  - 

GMod 

Target 

Display 

Cockpit 

Left 

Right 

Left 

Right 

Half  Moon 

Dim 

1.812 

1.772 

4.359 

3.946 

Half  Moon 

Dim 

+ 

1.810 

1.771 

4.354 

3.946 

Half  Star 

Dim 

0.399 

0.312 

0.871 

1.000 

Half  Star 

Dim 

4- 

0.438 

0.372 

0.942 

1.124 

Half  Moon 

Bright 

1.820 

1.772 

4.452 

3.944 

Half  Moon 

Bright 

+ 

1.818 

1.773 

4.428 

3.943 

Half  Star 

Bright 

0.429 

0.312 

0.951 

0.980 

Half  Star 

Bright 

:  4- 

0.465 

0.372 

1.032 

1.063 

Half  Moon 

Off 

1.610 

1.775 

4.408 

3.915 

Half  Moon 

Off 

+ 

1.607 

1.775 

4.393 

3.918 

Half  Star 

Off 

0.335 

0.343 

0.885 

0.906 

Half  Star 

Off 

+ 

0.390 

0.411 

0.955 

1.006 

Before  the  start  of  a  day  of  demonstrations,  lab  personnel  focused  both  goggles  and  tested  the 
target  luminance  levels.  At  the  start  of  a  demonstration  session,  personnel  who  wished  to  have 
their  comments  recorded  provided  certain  demographic  data  including,  but  not  limited  to,  name, 
age,  eyewear,  and  NVG  experience.  Other  pertinent  information,  such  as  the  types  of  aircraft  an 
observer  flew,  would  also  be  recorded  if  necessary.  Then  observers  were  allowed  to  dark-adapt 
for  10  to  15  minutes.  During  this  time,  instructions  regarding  the  task  were  given.  Observers 
were  also  told  that  the  goggles  were  pre-focused  and  that  they  were  not  to  adjust  them.  The 
observer  would  first  look  through  the  C  model  NVG  at  the  acuity  target  and  call  off  the  number 
of  gratings  that  they  could  resolve.  Then  the  observer  was  asked  to  continue  looking  through  the 
gogglss  at  the  acuity  target  for  approximately  5  minutes.  This  5-minute  adaptation  was  intended 
to  readjust  the  observer  to  the  bright  goggle  output  and  was  only  performed  once  at  the 
beginning  of  the  session.  The  observer  was  then  instructed  to  look  at  the  display  and  report  what 
they  could  or  could  not  see. 

The  experimenter  running  the  demonstration  asked  several  questions.  For  the  dim  CCMFD 
conditions,  observers  were  asked  if  they  could  see  all  of  the  colors  on  the  display.  They  were 
asked  if  they  could  see  all  of  the  displayed  symbols  and  the  numbers  accompanying  the  symbols. 
Observers  were  asked  about  the  appearance  of  the  colors.  They  were  asked  if  the  colors  looked 
like  they  should,  such  as,  could  they  readily  interpret  red  as  red,  blue  as  blue,  white  as  white,  and 
so  forth.  Observers  were  asked  if  any  of  the  colors  washed  out  when  they  looked  at  the  display. 
In  addition,  observers  who  were  also  pilots  were  asked  if  they  could  see  the  display  well  enough 
to  accomplish  a  mission.  The  observer  then  looked  through  the  G  model  NVG  at  the  acuity 
target  and  noted  the  number  of  gratings  they  could  resolve.  They  then  continued  to  look  through 
the  goggles  at  the  acuity  grating  for  approximately  1  minute  and  then  looked  back  at  the  display. 
The  same  questions  were  asked  as  above.  These  procedures  were  repeated  for  all  the  conditions 
alternating  between  the  C  and  G  model  NVGs. 
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Figure  17.  Observer  ready  to  assess  visual  performance. 


Discussion 

Observers  largely  felt  that  the  symbols  and  imagery  presented  by  the  displays  were  visible. 
The  colors  displayed  with  greater  luminance,  such  as  white,  green  and  yellow,  were  considered 
easily  visible.  Red  and  blue  were  more  difficult  to  see  but  were  still  considered  visible  to  a  large 
percentage  of  the  observers.  The  majority  of  the  observers  also  considered  FLIR  imagery 
displayed  on  the  CCMFD  visible.  However,  pilots  felt  they  needed  more  detail  to  accomplish  a 
ground  attack  mission.  One  should  note  that  the  FLIR  imagery  used  in  the  demonstration  was 
originally  target  pod  video  that  was  transformed  into  an  MPG  file.  This  conversion  degraded  the 
video  somewhat.  This  would  have  a  negative  impact  on  the  visibility  of  details  in  the  image. 
However,  significant  additional  detail  could  be  obtained  from  the  FLIR  video  by  simply 
increasing  the  display  luminance,  indicating  that  the  visibility  of  the  video  was  limited  by  the 
observer’s  eye  during  the  demonstration,  not  the  CCMFD.  This  was  demonstrated  in  the 
laboratory  when  one  pilot  was  allowed  to  adjust  the  display  luminance  and  contrast  to  what  he 
considered  optimal  using  the  display’s  daylight  mode.  Considerable  additional  detail  became 
visible  including  ground  crew  near  parked  aircraft  and  aircraft  features  such  as  the  refueling 
probe  on  an  A6  Intruder.  The  display  luminance  of  this  “optimal”  setting  was  measured  to  be 
approximately  90  fL  using  a  handheld  photometer.  Unfortunately,  using  a  display  capable  of 
that  brightness  at  night  is  impractical  for  many  reasons,  such  as  increased  cockpit  reflections  and 
veiling  luminance.  The  probability  of  any  manufacturer  building  a  90  fL  display  that  is  NVS 
compatible  in  the  near  future  with  existing  technology  is  low. 

One  observer  stated  it  most  clearly  by  saying,  “I  didn’t  see  a  problem  here . but  I  would 

be  hesitant  to  say  the  plane  does  not  have  a  problem.”  The  demonstration  employed  a  subjective, 
simple  task  that  did  not  duplicate  the  conditions  under  which  the  display  is  normally  employed. 
To  improve  the  demonstration  and  better  quantify  the  display  would  have  required  more  time 
and  resources  than  were  available  at  the  time  of  the  CCMFD  evaluation.  As  noted  earlier, 
observers  were  not  all  pilots.  Most  observers  did  not  have  a  clear  idea  about  how  NVGs  and 
NVIS  lighting  interact  with  the  human  visual  system.  Observers  were  also  allowed  to  assess 
their  own  visual  performance  since  time  did  not  allow  for  a  more  objective  assessment.  In 
addition,  observers  were  allowed  to  look  at  the  display  longer  than  what  a  pilot  would, 
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improving  their  visual  performance  since  target  duration  often  affects  target  visibility  [Cobb  and 
Moss  1928], 

There  were  a  number  of  concerns  raised  by  the  pilots  who  saw  the  cockpit  simulation.  The 
first  issue  was  with  the  additional  NVIS  cockpit  lighting.  Pilots  felt  that  the  lighting  present  in 
the  simulation  was  not  bright  enough  and  there  were  too  few  light  sources  placed  around  the 
cockpit.  In  addition,  it  was  determined  through  questioning  that  pilots  fly  with  their  cockpits 
brighter  than  simulated  in  the  demonstration.  A  number  of  small  but  critical  displays,  the 
Horizontal  Situation  Indicator  and  fuel  totalizer  in  particular,  must  be  bright  enough  for  the  pilot 
to  read  in  flight.  In  order  to  increase  the  luminance  of  those  displays,  pilots  are  forced  to 
increase  the  luminance  of  all  of  their  cockpit  instruments  since  the  luminance  of  a  particular 
instrument  cannot  be  adjusted  independently  of  the  others  in  the  cockpit. 

Non-pilot  observers  tended  to  have  their  attention  drawn  to  large,  easy  to  see  objects  in  the 
FLIR  video,  such  as  the  airplane  on  the  runway  (Figure  16).  Targets  of  interest  to  a  pilot 
attacking  a  ground  target  will  be  relatively  small  and  probably  camouflaged.  There  was  no  easy 
alternative  by  which  more  realistic  targets  could  be  embedded  in  the  marketing  demonstration 
video,  making  this  aspect  of  the  demonstration  more  realistic.  There  were  a  number  of  small, 
low  contrast  details  in  the  video.  But  only  one  observer  noticed  any  of  these.  Therefore,  it  is 
difficult  to  conclude  that  the  relevant  details  would  always  be  visible  when  displayed  at  the 
luminance  levels  examined.  Observers  could  not  comment  on  the  visibility  of  targets  they 
simply  could  not  see  if  they  did  not  know  they  were  there. 


CONCLUSIONS  AND  COMMENTS 


The  data  gathered  in  this  effort  showed  that  the  Honeywell  CCMFD  passed  MIL-L-85762A 
NVIS  B  specification,  as  required.  The  color  balance  between  red,  green,  and  blue  allowed  the 
display  to  achieve  the  full  color  sought  for  applications  like  moving  maps.  Also,  the  color 
coordinates  selected  by  Honeywell  for  red,  green,  and  blue  were  well  chosen,  allowing  for  easy 
color  discrimination  and  identification.  In  general  the  Honeywell  CCMFD  is  not  NVIS  A 
compatible  as  it  was  capable  of  emitting  a  significant  amount  of  red  light.  However,  this  was  not 
a  program  requirement. 

The  visibility  of  the  display  was  found  to  be  acceptable  but  marginal.  This  could  be 
improved  by  increasing  the  luminance  in  the  NVIS  mode.  However,  increasing  the  luminance 
could  negatively  impact  NVIS  compatibility.  Characters  on  displays  like  the  compass  and  the 
tactical  display  (bright  characters  on  a  dark  background)  could  be  made  larger  to  improve 
visibility.  Unfortunately,  it  is  unlikely  that  the  display  itself  could  be  made  larger  since  the  F-16 
MFD  is  currently  limited  in  size  due  to  cockpit  constraints. 

This  effort  found  no  evidence  of  reduced  visual  performance  due  to  the  observer  adapting  to 
a  bright  NVG  at  the  display  and  goggle  luminances  examined.  However,  this  evaluation  only 
examined  the  display  when  set  to  full  NVIS  brightness.  Research  suggests  that  should  the 
display  be  set  to  a  dimmer  luminance,  bright  adaptation  to  the  NVG  might  become  an  issue. 

Since  pilots  tend  to  set  the  luminance  of  their  NVIS  compatible  displays  to  nearly  maximum,  it  is 
unlikely  that  the  Honeywell  CCMFD  would  be  set  to  anything  but  full  brightness. 

In  the  future,  a  more  controlled  experiment  should  be  conducted  to  accurately  quantify  visual 
performance  under  the  luminances  produced  by  the  Honeywell  CCMFD  and  study  the 
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interaction  between  the  display  and  NVGs.  This  research  should  examine  more  realistic 
conditions.  Additional  and  brighter  cockpit  lighting  should  be  included  to  more  accurately 
simulate  the  NVIS  cockpit.  Observers  should  be  given  a  primary  task  that  occupies  most  of  their 
attention  and  be  restricted  to  quick  glances  at  the  display  symbology.  Finally,  a  real  F-16  canopy 
should  be  included  in  the  simulated  cockpit  to  induce  the  proper  reflection  intensities  and 
geometries,  which  may  play  a  larger  role  than  initially  suspected. 
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APPENDIX  A 


F-16  Common  Color  Multi-Function  Display  (CCMFD) 
&  Night  Vision  Goggles  (NVG) 
Compatibility  and  Visual  Acuity 
Test  Plan 
8  Jan  01 


Objective:  Determine  and  compare  the  F-16’s  CCMFD  performance  characteristics  with  the 
NVIS  Military  Standard  (MIL-L-85762A)  and  assess  the  impact  of  the  F-16  CCMFD  operational 
performance  on  an  observer’s  visual  performance  when  using  NVGs. 

1 .  The  compatibility  test  will  be  conducted  by  personnel  from  the  Air  Force  Research  Lab, 
Wright-Patterson  AFB  OH  with  support  from  Honeywell,  Albuquerque  NM,  LM  Aerospace, 

Fort  Worth  TX,  ASC/ENAS,  Wright-Patterson  AFB  OH,  and  F-16  System  Program  Office, 
Wright-Patterson  AFB  OH.  The  tests  will,  at  a  minimum: 

a.  Measure  spectral  radiance  of  the  CCMFD  in  day,  night,  and  NVIS  mode. 

b.  Measure  luminance  (Display)  and  illuminance  (Environment) 

c.  Measure  symbology/character  size 

d.  Demonstration  of  visual  performance  with  Class  B  and  Class  C  NVGs  in  a  simulated 
cockpit  environment 

2.  Required  Assets/Data/Personnel: 

a.  Two  F-16  CCMD’s  and  associated  equipment  required  for  CCMFD 
operation  (Honeywell) 

b.  Video  Generator  or  PC  with  applicable  TAD  pattern  (Honeywell/ AFRL) 

c.  Class  B  and  Class  C  Night  Vision  Goggles  and  associated  spectral 
curves  (AFRL/ANG) 

d.  Dark  Room  (AFRL) 

e.  Photometer  (AFRL) 

f.  Spectroradiometer  (AFRL) 

g.  Visual  acuity  chart  (AFRL) 

h.  Apparatus  for  generating  a  veiling  luminance  visible  to  an  NVG  (AFRL) 

i.  Barium  sulfate  target  (AFRL) 

j.  F-16  pilots  from  the  F-16  SPO  (F-16  SPO) 

k.  Measured  Spectral  Radiance  data  of  the  MFD,  CMFD,  and  CCMFD,  along  with  the 
associated  LCD  curves  for  the  OIS  and  APC  LCD  Glass  (LMTAS/Honeywell) 

3.  CCMFD  TESTING:  The  CCMFD’ s  will  display  a  video  test  pattern  and  a  TAD  test  pattern. 
The  CCMFD ’s  luminance  levels  will  be  set  at  Ml  brightness,  mid-level  brightness,  and  low- 
level  brightness.  Display  spectral  measurements  content,  NVIS  radiance,  and  luminance  will 
be  measured  at  representative  settings  and  conditions.  The  illuminance  from  the  display  will 
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be  measured  from  a  barium  sulfate  target  placed  in  a  position  relative  to  the  display  that 
approximates  the  location  of  the  pilot’s  chest  and  recorded.  Symbology/character  size  for  the 
displayed  patterns  will  also  be  measured. 

4.  NVG  LIGHTING  DEMONSTRATION:  A  demonstration  will  be  assembled  and  made 
available  to  volunteer  observers  who  would  like  to  experience  conditions  under  which 
interactions  between  the  CCMFD  and  an  NVG  may  interfere  with  visual  performance.  The 
two  CCMFD’ s  will  be  positioned  as  they  would  be  in  an  F-16  cockpit  with  respect  to  a  chair 
for  an  observer.  A  target  will  be  placed  20  feet  from  the  observer’s  position.  Observers  will 
be  allowed  to  dark  adept  for  ten  minutes.  Then,  observers  will  be  asked  to  view  the  target 
through  NVGs  under  simulated  starlight  illumination,  once  for  each  NVG  of  interest. 
Observers  will  then  be  presented  with  a  series  of  visual  conditions,  simulating  different 
operational  situations,  and  asked  to  observe  the  target  through  NVGs.  Visual  conditions  will 
be  generated  by  changing  NVG  type,  target  illumination,  the  image  displayed  by  the 
CCMFD  and  its  luminance,  and  by  introducing  a  controlled  amount  of  veiling  luminance. 
Observer  comments  will  be  recorded. 

5.  All  data  will  be  recorded  and  analyzed  for  NVIS  Mil-Std  and  NVGs  compatibility.  A  report 
will  be  written  to  summarize  test  data  and  provide  conclusions  and  recommendations. 
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APPENDIX  B 


The  spectral  sensitivity  of  the  two  AN/AVS-9  goggles  used  in  the  demonstration  was 
measured  to  confirm  the  type  of  minus-blue  filters  present  in  the  goggles’  objective  lenses.  The 
procedure  used  was  designed  to  measure  how  sensitive  an  NVG  is  to  different  wavelengths  of 
light.  However,  this  is  nr  a  measurement  of  image  intensifier  tube  photocathode  responsivity  as 
required  by  the  image  intensifier  assembly  specification,  MIL-I-49428.  In  the  procedure 
described  here,  measurements  were  made  on  the  entire  system,  including  the  NVG  minus-blue 
filter,  objective  and  eyepiece  lens  transmissivity,  and  phosphor  response,  yielding  a  more 
realistic  assessment  of  NVG  performance. 

A  Tungsten-Halogen  bulb,  approximately  a  3100K  black  body  radiator,  broadband,  high 
intensity  light  source  was  activated  and  allowed  to  stabilize.  One  should  note  that  any  light 
source  capable  of  emitting  a  measurable  amount  of  light  across  the  spectral  range  of  NVG 
sensitivity  could  also  be  used.  The  light  from  the  broadband  source  was  injected  into  a 
monochromator.  Narrow  band,  near  monochromatic  light  from  the  monochromator  was  then 
dumped  into  one  port  of  the  integrating  sphere  to  make  it  more  uniform.  The  NVG  under  test 
was  then  focused  to  infinity  and  aligned  into  the  integrating  sphere  so  that  the  sphere  output 
overfilled  the  NVG  field  of  view.  A  photometer  was  then  aligned  so  that  it  measured  the  center 
of  the  test  NVGs  field  of  view.  The  photometer  field  of  view  must  be  smaller  than  the  field  of 
view  of  the  NVG  under  test.  The  field  of  view  of  the  Hand-Held  Night  Vision  Photometer 
normally  used  in  this  procedure  was  20  degrees.  NVG  output  luminance  was  then  measured 
over  the  wavelength  region  of  interest,  400  to  930  tun,  in  10  nm  increments.  Measurements  can 
be  made  at  input  wavelength  increments  finer  than  10  nm  if  available  equipment  allows. 


Figure  18.  Spectral  sensitivity  for  the  left  (diamonds)  and  right  (line)  oculars  of  the  AN/AVS-9, 
G  model,  S/N  5572,  used  in  the  visual  performance  demonstration. 
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Figure  19.  Spectral  sensitivity  for  left  (diamonds)  and  right  (line)  oculars  of  the  AN/AVS-9,  C 
model,  S/N  0358,  used  in  the  visual  performance  demonstration. 


Figure  20.  Spectral  response,  right  channels,  showing  the  difference  in  spectral  sensitivity 
between  the  two  goggles  used  in  the  demonstration. 

Comparison  of  the  spectral  sensitivities  of  the  two  goggles  yielded  an  unexpected  result. 
Since  the  two  minus-blue  filters  were  supposed  to  be  similar  in  nature  (Class  B  and  Class  C 
filters),  it  was  expected  that  the  two  spectral  sensitivity  curves  should  lie  nearly  on  top  of  each 
other  when  plotted  together.  However,  the  distinct  separation  in  the  curves  in  the  red  region 
indicated  that  the  AN/AVS-9  C  model  has  a  Class  A  minus-blue  filter  and  transmitted  more 
visible  light,  making  it  more  sensitive  to  full  color  cockpit  displays. 
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APPENDIX  C 


The  system  gain  of  the  two  NVGs  used  in  the  demonstration  was  measured  to  more 
thoroughly  characterize  them.  A  procedure  documented  in  AL/CF-TR-93-0107  and  a  Hoffman 
Engineering  ANV-120  gain  test  set  was  used  to  make  the  measurements  that  appear  in  the 
following  plots.  The  AN/AVS-9,  G  model  goggle  was  measured  to  exhibit  higher  system  gain 
than  the  C  model  goggle,  as  expected. 


Figure  21.  Gain  vs.  Input  luminance  for  AN/AVS-9,  G  model,  S/N  5572. 
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ABSTRACT 

In  an  effort  to  incorporate  color  displays  into  night  vision  imaging  system  (NV1S)  compatible  cockpits,  the  F-16  System 
Program  Office,  through  Lockheed  Martin  Tactical  Aircraft  Systems,  requested  Honeywell’s  Aerospace  Electronic  Systems 
division  to  design  and  construct  a  prototype  color  multifunction  display.  Observers  indicated  during  preliminary 
operational  testing  that  this  display,  when  configured  in  NVIS  mode,  did  not  present  video  with  the  desired  level  of  detail 
and  was  too  dim  to  easily  read  under  certain  conditions.  Testing  showed  that  the  Honeywell  display  met  the  existing  MIL- 
L-85762A  NVIS  B  radiance  compatibility  criteria  required  by  contract.  However,  during  a  demonstration  of  the  display,  F- 
16  pilots  with  night  vision  goggle  experience  insisted  that  the  display's  visibility  was  marginal,  reiterating  their  concerns 
on  display  legibility.  This  paper  discusses  the  testing  of  the  color  multifunction  display  and  potential  factors  that  could  be 
limiting  the  visibility  of  the  display,  in  particular,  the  size  of  the  characters  displayed  and  the  luminance  levels  specified  in 
MIL-L-85762A. 

INTRODUCTION 

Full  color  displays  are  desirable  in  the  cockpit  because  color-coding  adds  information  in  an  easily  understandable  way. 
However,  night  vision  imaging  system  (NVIS)  compatible  cockpits  traditionally  avoid  employing  red  as  the  longer  red  and 
infrared  wavelength  light  significantly  interferes  with  vision  through  night  vision  goggles  (NVGs).  However,  shorter 
wavelength  red  light  can  be  employed  to  add  a  sufficient  amount  color  to  an  NVIS  compatible  cockpit  without  greatly 
reducing  visual  performance  through  NVGs.  Employing  this  concept,  Honeywell’s  Aerospace  Electronic  Systems  division 
developed  a  Color  Multifunction  Display  (CMFD)  to  replace  the  existing  monochrome  cathode  ray  tube  based 
multifunction  display  with  which  the  Block  40  and  newer  F-16’s  are  currently  equipped.  The  CMFD  is  a  4-inch  by  4-inch 
display  that  can  provide  the  pilot  with  both  symbology  and  video  in  different  ambient  conditions  (e.g.,  full  sunlight  to  low 
starlight  levels)  including  an  NVIS  compatible  lighting  mode,  for  use  with  NVGs. 

To  determine  if  the  new  color  multifunction  display  could  be  physically  integrated  into  older  aircraft  flown  by  the  Air 
National  Guard  and  Air  Force  Reserves,  the  Air  National  Guard  and  Air  Force  Reserve  Test  Center  (AATC/DO)  in  Tucson, 
AZ,  asked  for  Honeywell  to  demonstrate  their  display  on  an  NVIS  compatible  aircraft  at  AATC/DO.  After  preliminary 
testing  in  Tucson,  some  observers  felt  that  the  new  CCIP  CMFD  (CCMFD)  suffered  from  a  few  noteworthy  problems. 

First,  the  image  quality  of  the  display  when  set  in  NVIS  mode  was  not  as  good  as  pilots  would  prefer  for  many  of  the  F- 
16’s  missions.  In  addition,  pilots  felt  that  the  display  was  too  dim  to  easily  read  small  symbols  and  characters  on  the 
CCMFD  under  certain  conditions  after  prolonged  exposure  to  bright  NVGs.  Initially,  this  was  attributed  to  possible  loss  of 
dark  adaptation  due  to  prolonged  exposure  to  NVGs,  some  of  which  are  capable  of  presenting  a  5  fL  image  to  the  observer, 
under  the  proper  conditions.  Experimentation  at  the  Air  Force  Research  Laboratory,  Human  Effectiveness  Directorate, 
AFRL/HECV,  Wright-Patterson  AFB  showed  bright  adaptation  to  not  be  an  influential  factor. 

As  a  result  of  these  tests,  the  F-16  System  Program  Office  (SPO)  asked  AFRL/HECV,  Wright-Patterson  AFB  to 
examine  the  issues  noted  by  AATC/DO  and  demonstrate  the  visual  phenomena  in  the  laboratory.  At  the  end  of  January 
2001 ,  Honeywell  provided  two  CCMFDs  for  examination  at  Wright-Patterson  AFB, 

MEASUREMENTS  AND  DATA 

Factors  influencing  the  visibility  of  a  target  include,  but  are  not  limited  to;  size,  contrast,  luminance,  and  duration.  To 
examine  the  displays,  a  number  of  quantitative  laboratory  tests  were  used  to  examine  the  size  and  luminance  of  images 
displayed  on  the  CCMFD.  Target  contrast  was  not  explicitly  examined  since,  at  the  luminance  levels  involved  in  this 
effort,  visibility  is  a  function  of  die  image  displayed  (eye  limited)  than  the  display  itself.  Target  duration  was  not  examined 
either,  as  it  is  more  closely  related  to  the  amount  of  time  an  observer  has  to  study  the  display,  or  observer  workload.  In 
addition,  display  spectral  radiance,  NVIS  radiance,  and  luminance  uniformity  were  also  measured.  A  low-fidelity  cockpit 
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simulation  was  also  assembled  to  recreate  a  number  of  visual  phenomena  under  controlled  conditions  that  were  reported 
from  initial  operational  testing. 

Spectral  Measurements 

A  considerable  amount  of  data  could  be  obtained  by  measuring  the  spectral  content  of  the  light  emitted  from  the 
display.  Display  radiance,  NVIS  radiance,  luminance,  and  color  coordinates  can  all  be  calculated  once  the  spectral  content 
of  the  emitted  light  is  known.  Measurements  were  made  using  a  radiometer  capable  of  measuring  NVIS  radiance.  A  four- 
segmented  image  made  up  of  quadrants  of  color:  red,  green,  blue,  and  white,  was  placed  on  the  display  (Figure  1  left). 
Measurements  were  made  at  three  luminance  levels:  full  NVIS  bright,  half  full  bright,  and  one  increment  above  off.  To  get 
the  fifth  color,  black,  a  second  quadrant  target  was  displayed  and  measured.  The  display  NVIS  A  and  B  radiance, 
luminance  and  chromaticity  data  are  displayed  in  Table  1. 
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Figure  1 .  Target  used  for  spectral  measurements  (left).  Relative  locations  on  the  CCMFD  of  the  luminance  uniformity 

measurements  (right). 


Table  1.  Display  NVIS  radiance,  luminance,  and  UCS  chromaticity  for  S/N  902002,  display  set  to  full  bright. 


NVIS  B 

Luminance 

u’ 

v1 

Red 

3.48E-09 

0.226 

0.4028 

0.5306 

Green 

4.47E-09 

2.70E-10 

0.559 

0.1547 

0.5497 

Blue 

1.83E-09 

2.83E-10 

0.118 

0.1060 

0.4111 

White 

1.66E-08 

1.20E-09 

0.878 

0.1996 

0.5258 

Black 

2.35E-08 

1.33E-08 

0.003 

0.1846 

0.5160 

Character  Size  Measurement 

The  impact  of  the  physical  size  of  a  target  on  its  visibility  is  easy  to  understand.  Larger  targets  are  simply  easier  to 
see.1  To  measure  the  characters  of  interest,  the  individual  files  were  first  printed  in  the  proper  aspect  ratio  using  a  high 
quality  laser  printer  (600  dpi).  Symbols  were  then  measured  from  the  paper  using  a  20X  loupe  and  reticule.  To  check  these 
measurements,  a  number  of  characters  were  measured  both  off  the  paper  printouts  and  directly  from  the  displays 
themselves  using  the  same  loupe  and  compared.  Comparison  of  the  two  sets  of  measurements  showed  both  approaches  to 
yield  the  same  results  to  within  the  accuracy  of  the  measurement  loupe. 

The  smallest,  dimmest  characters  (the  characters  most  difficult  to  see)  were  the  blue  letters  and  numbers,  measuring 
2.25  mm  high  and  1.5  mm  wide  (Figure  2  left).  Observing  these  symbols  at  28  inches,  the  nominal  observation  distance  for 
this  display  in  the  F-16,  the  characters  would  be  10.9  arc  minutes  tall.  This  converts  to  a  Snellen  acuity  of  about  20/44. 

One  should  note  that  the  displayed  characters  were  not  similar  to  those  commonly  used  in  acuity  testing,  and  did  not  exhibit 
the  defined  length  to  width  to  stroke  aspect  ratio.  The  actual  visual  acuity  of  these  characters  was  undoubtedly  worse.  The 
symbol  sets  used  were  not  the  symbology  commonly  used  on  the  F-16  MFD,  but  rather  were  the  result  of  the 
manufacturer’s  best  guess  at  what  the  aircraft  symbol  generator  might  present  on  the  display. 

Luminance  Uniformity 

In  addition  to  the  spectral  measurements  described  in  the  previous  section,  the  luminance  uniformity  can  also  impact 
the  visibility  of  parts  of  the  display.  The  test  required  the  display  to  be  illuminated  all  in  one  color.  The  display’s 
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luminance  was  measured  for  nine  locations  (Figure  1  right)  using  a  Minolta  hand-held  photometer.  Display  uniformity  was 
measured  for  red,  green,  blue,  and  white.  The  most  noticeable  trend  found  in  luminance  uniformity  was  a  decrease  in 
display  luminance  as  the  measurements  moved  farther  from  the  top  edge  of  the  display.  The  percent  uniformity 
(i Uniformity )  was  calculated  for  each  tested  color  using  the  following  equation: 


Uniformity  = 


,00% 

Max 


Here,  Max  and  Min  are  the  maximum  and  minimum  luminance  respectively,  measured  for  a  particular  color  from  the 
display.  The  resulting  calculated  percentages  are  listed  in  Table  2. 

Table  2.  Luminance  uniformity  of  the  CCMFD  (S/N  902002)  for  the  four  measured  colors  expressed  as  a  percentage. 


Color 

%  Uniformity 

Red 

7.7 

Green 

12.9 

Blue 

13.3 

White 

13.3 

Vision  Demonstration 

To  better  examine  the  interaction  between  the  display,  the  cockpit,  and  the  night  vision  goggle,  a  demonstration  was 
assembled  in  a  laboratory  at  AFRL/HECV,  This  demonstration  placed  observers  in  a  simulated  cockpit  with  the  CCMFDs 
and  required  them  to  assess  their  own  visual  performance  under  a  number  of  conditions.  Observer  comments  were  noted 
and  reviewed  to  determine  the  combinations  of  conditions  under  which  visual  performance  was  unacceptably  degraded. 

Conditions  and  Procedure 

To  assemble  the  cockpit  simulation,  the  displays  were  placed  in  the  correct  geometry  with  respect  to  die  observer’s  eye 
position  using  information  provided  by  Lockheed-Martin.  An  electro-luminescent  (EL)  panel  was  mounted  to  a  post  near 
the  displays  to  add  additional  NVIS  “compatible”  light,  simulating  the  effect  of  other  lights  in  the  cockpit.  The  light  from 
the  EL  panel  was  diffused  by  reflecting  it  off  a  large,  flat,  white  surface.  A  3X3  NVG  resolution  target  (Figure  3  left)  was 
placed  in  space  15  feet  from  the  observer  position.  The  target  was  provided  as  a  visual  performance  reference  to  assist  the 
observers  in  assessing  the  impact  of  the  different  display  and  lighting  conditions.  A  sheet  of  Plexiglas  was  placed  between 
the  observer  and  the  acuity  target  to  reflect  EL  light  back  towards  the  observer.  This  created  a  veiling  luminance  that  could 
interfere  with  visual  performance  under  the  proper  conditions  (Figure  3  right)  as  a  windscreen  would  in  a  real  eoekpit 

The  experimental  conditions  examined  were  based  on  the  observations  made  at  AATC/DO.  It  was  expected  that 
exterior  target  luminance  and  CCMFD  luminance  would  have  the  largest  impact  on  visual  performance.  In  addition,  the 
amount  of  additional  cockpit  lighting  was  also  expected  to  affect  vision,  making  it  a  logical  factor  to  include.  Finally,  the 
level  of  NVG  performance  was  also  suspected,  not  necessarily  of  being  a  factor  affecting  vision  by  itself,  but  of  being  part 
of  an  interaction  involving  the  display  luminance  and  cockpit  lighting.  Goggle  performance  was  therefore  included  as  a 
factor.  One  should  note  that  newer  N  VGs  tend  to  have  improvements  in  a  number  of  parameters,  including  higher  gain, 
higher  spectral  sensitivity,  and  different  minus-blue  filters,  making  them  perform  differently  than  older  goggles.  Due  to  the 
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limited  number  ofNVGs  available  for  this  demonstration,  it  was  impossible  to  differentiate  the  effects  of  the  different  NVG 
parameters  on  vision. 


Two  levels  of  each  factor  examined  were  used  in  the  demonstration.  The  target  luminances  presented  to  the  observers 
were  half  moon  (1.18X10"2  fL)  and  half  starlight  (2.94X1  O'4  fL).  The  bright  and  dim  conditions  for  the  CCMFD  were 
established  by  the  amount  of  the  display  illuminated.  For  the  dim  conditions,  images  having  bright  characters  on  a  black 
background  (Figure  2),  were  displayed.  The  bright  condition  employed  images  where  the  whole  display  was  illuminated  to 
some  degree,  such  as  forward-looking  infrared  (FLIR)  imagery  and  a  full-color  moving  map  (Figure  4).  One  should  note 
that  these  images  were  intended  for  marketing  demonstrations  only  and  do  not  accurately  reflect  information  normally 
displayed  on  the  F- 16  multi-function  display.  Two  levels  of  additional  extraneous  NVIS  “compatible”  lighting  were  also 
examined  in  the  demonstration.  The  two  levels  used  were  1  fL  to  represent  the  luminance  level  commonly  found  in  bright 
NVIS  compatible  cockpits  (“on”),  and  no  additional  light  (“off”).  As  noted  earlier,  the  two  NVGs  examined  were  both 
AN/AVS-9’s.  Observers  were  presented  all  combinations  of  these  four  factors,  creating  16  experimental  conditions. 


on  the  F-16  MFD. 


At  the  start  of  a  demonstration  session,  observers  were  allowed  to  dark-adapt  for  10  to  15  minutes.  During  this  time, 
instructions  regarding  the  task  were  given.  Observers  were  also  told  that  the  goggles  were  pre-focused  and  that  they  were 
not  to  adjust  them.  The  observer  would  first  look  through  the  C  model  NVG  at  the  acuity  target  and  call  off  the  number  of 
gratings  that  they  could  resolve.  Then  the  observer  was  asked  to  continue  looking  through  the  goggles  at  the  acuity  target 
for  approximately  S  minutes.  This  5-minute  adaptation  was  intended  to  readjust  the  observer  to  the  bright  goggle  output 
and  was  only  performed  once  at  the  beginning  of  the  session.  The  observer  was  then  instructed  to  look  at  the  display  and 
report  what  they  could  or  could  not  see. 

The  experimenter  running  the  demonstration  asked  several  questions.  For  the  dim  CCMFD  conditions,  observers  were 
asked  if  they  could  see  all  of  the  colors  on  the  display.  They  were  asked  if  they  could  see  all  of  the  displayed  symbols  and 
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the  accompanying  numbers.  Observers  were  asked  about  the  appearance  of  the  colors.  They  were  asked  if  the  colors 
looked  like  they  should,  such  as,  could  they  readily  interpret  red  as  red,  blue  as  blue,  and  so  forth.  In  addition,  observers 
who  were  also  pilots  were  asked  if  they  could  see  the  display  well  enough  to  accomplish  a  mission.  The  observer  then 
looked  through  the  G  model  NVG  at  the  acuity  target  and  noted  the  number  of  gratings  they  could  resolve.  They  then 
continued  to  look  through  the  goggles  at  the  acuity  grating  for  approximately  1  minute  and  then  looked  back  at  the  display 
and  the  questions  repeated.  These  procedures  were  repeated  for  all  the  conditions  alternating  between  the  C  and  G  model 
NVGs. 

Discussion 

Observers  largely  felt  that  the  symbols  and  imagery  presented  by  the  displays  were  visible.  The  colors  displayed  with 
greater  luminance,  such  as  white,  green  and  yellow,  were  considered  easily  visible.  Red  and  blue  were  more  difficult  to  see 
but  were  still  considered  visible  to  a  large  percentage  of  the  observers.  The  majority  of  the  observers  also  considered  FLIR 
imagery  displayed  on  the  CCMFD  visible.  However,  pilots  felt  they  needed  more  detail  to  accomplish  a  ground  attack 
mission. 

Significant  additional  detail  could  be  obtained  from  the  FLIR  video  by  simply  increasing  the  display  luminance, 
indicating  that  the  visibility  of  the  video  was  limited  by  the  observer’s  eye  during  the  demonstration,  not  the  CCMFD.  This 
was  demonstrated  in  the  laboratory  when  one  pilot  was  allowed  to  adjust  the  display  luminance  and  contrast  to  what  he 
considered  optimal  using  the  display’s  daylight  mode.  Considerable  additional  detail  became  visible  including  ground  crew 
near  parked  aircraft  and  aircraft  features  such  as  the  refueling  probe  on  an  A-6  Intrader.  The  display  luminance  of  this 
“optimal”  setting  was  measured  to  be  approximately  90  fL  using  a  handheld  photometer.  Unfortunately,  using  a  display 
capable  of  that  brightness  at  night  is  impractical  for  many  reasons,  such  as  increased  cockpit  reflections  and  veiling 
luminance.  The  probability  of  any  manufacturer  building  a  90  fL  display  that  is  NVS  compatible  in  the  near  future  with 
existing  technology  is  low. 

One  observer  stated  it  most  clearly  by  saying,  “I  didn’t  see  a  problem  here . but  I  would  be  hesitant  to  say  the  plane 

does  not  have  a  problem.”  The  demonstration  employed  a  subjective,  simple  task  that  did  not  duplicate  the  conditions 
under  which  the  display  is  normally  employed.  To  improve  the  demonstration  and  better  quantify  the  display  would  have 
required  more  time  and  resources  than  were  available  at  the  time  of  the  CCMFD  evaluation.  As  noted  earlier,  observers 
were  not  all  pilots.  Most  observers  did  not  have  a  clear  idea  about  how  NVGs  and  NVIS  lighting  interact  with  the  human 
visual  system.  Observers  were  also  allowed  to  assess  their  own  visual  performance  since  time  did  not  allow  for  a  more 
objective  assessment.  In  addition,  observers  were  allowed  to  look  at  the  display  longer  than  what  a  pilot  would,  improving 
their  visual  performance  since  target  duration  often  affects  target  visibility.2 

There  were  a  number  of  concerns  raised  by  the  pilots  who  saw  the  cockpit  simulation.  The  first  issue  was  with  the 
additional  NVIS  cockpit  lighting.  Pilots  felt  that  the  lighting  present  in  the  simulation  was  not  bright  enough  and  there 
were  too  few  light  sources  placed  around  the  cockpit.  In  addition,  it  was  determined  through  questioning  that  pilots  fly 
with  their  cockpits  brighter  than  simulated  in  the  demonstration.  A  number  of  small  but  critical  displays,  the  Horizontal 
Situation  Indicator  and  fuel  totalizer  in  particular,  must  be  bright  enough  for  the  pilot  to  read  in  flight.  In  order  to  increase 
the  luminance  of  those  displays,  pilots  are  forced  to  increase  the  luminance  of  all  of  their  cockpit  instruments  since  the 
luminance  of  a  particular  instrument  cannot  be  adjusted  independently  of  the  others  in  the  cockpit. 

Non-pilot  observers  tended  to  have  their  attention  drawn  to  large,  easy  to  see  objects  in  the  FLIR  video,  such  as  the 
airplane  on  the  runway  (Figure  4).  Targets  of  interest  to  a  pilot  attacking  a  ground  target  will  be  relatively  small  and 
probably  camouflaged.  There  were  a  number  of  small,  low  contrast  details  in  the  video.  But  only  one  observer  noticed  any 
of  these.  Therefore,  it  is  difficult  to  conclude  that  the  relevant  details  would  always  be  visible  when  displayed  at  the 
luminance  levels  examined.  Observers  could  not  comment  on  the  visibility  of  targets  they  simply  could  not  see  if  they  did 
not  know  they  were  there.  There  was  no  easy  alternative  by  which  more  realistic  targets  could  be  embedded  in  the 
marketing  demonstration  video,  making  this  aspect  of  the  demonstration  more  realistic. 

Visibility  Requirements 

In  order  to  meet  the  radiance  limits  set  in  the  military  NVIS  lighting  specifications,  MIL-L-85762A  and  its  current 
revision  MIL-STD-3009,  display  luminance  can  become  somewhat  limited.  The  added  complexity  of  balancing  the  three 
primary  colors  to  create  an  acceptable  white  forces  extra  restrictions  on  the  display  manufacturer.  These  two  factors 
combine  to  limit  the  output  luminance  of  color  NVIS  displays.  Historically,  NVIS  display  maximum  luminance  was 
limited  to  about  one  or  two  footLamberts  to  avoid  the  potential  for  the  NVG  wearer  to  encounter  bright  adaptation  to  their 
1.6  fL  goggle  output,  which  was  thought  to  make  reading  and  interpreting  cockpit  instruments  difficult.  Current  research 
shows  that  NVG  bright  adaptation  does  not  interfere  with  the  legibility  of  cockpit  instruments  until  goggle-to-coekpit 
luminance  ratios  of  100  to  1  or  more  are  reached.  In  addition,  pilots  tend  to  fly  with  their  instruments  set  to  maximum 
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luminance  output  in  order  to  make  certain  all  of  their  displays  are  visible,  minimizing  the  luminance  ratio.  The  information 
displayed  should  be  tailored  for  good  visibility  under  low  luminance  conditions. 

Table  3.  Minimum  requirements  for  target  visibility  at  the  50%  probability  of  seeing.  These  results  are  an  extrapolation  # 


Acuity  (MOA) 

%  Contrast 

Target 

Luminance 

At  50% 
Contrast 

At  10% 
Contrast 

At  5% 
Contrast 

For  a  4  MOA 
Target 

For  a  2.4  MOA 
Target 

Fora  1.35 
MOA  Target 

1.0  fL 

1.5  3.3  5.8 

2.1  4.9  8.9 

3.0  7.4  13.6 

7  16  59 

13  27  N/V 

22  47  N/V 

0.1  fL 

0.01  fL 

Figure  5.  Acuity  as  a  function  of  target  luminance  (left).  Threshold  contrast  as  a  function  of  target  luminance  (right). 


Cob  and  Moss  did  much  work  examining  the  effect  of  target  luminance  on  visual  performance.  An  extrapolation  of 
their  results  to  target  luminances  lower  than  they  examined  appears  in  Figure  5  and  Table  3.  This  extrapolation  was  made 
possible  because  of  work  done  by  Connor  and  Ganoung.  Their  work  indicated  that  the  trends  in  visual  performance 
documented  by  Cob  and  Moss  were  still  valid  at  luminance  levels  up  to  two  orders  of  magnitude  lower  than  those  studied 
by  Cob  and  Moss.3  Figure  5  and  Table  3  show  that  large  objects  of  relatively  high  contrast  should  be  visible  in  the  FL1R 
imagery.  However,  they  also  show  that  the  contrast  needed  to  see  smaller,  dimmer  tactically  interesting  (and  probably 
camouflaged)  targets  is  considerable.  These  targets  would  simply  not  be  visible  to  an  observer,  not  because  the  display 
cannot  portray  them  with  the  appropriate  fidelity,  but  because  the  targets  themselves  do  not  have  the  necessary  contrast 
with  their  background  to  be  seen  when  displayed  at  low  luminance.  Under  these  conditions,  the  human  eye  limits  visual 

performance.  . 

The  extrapolation  of  Cob  and  Moss’s  data  also  shows  that  the  characters  used  in  the  CCMFD  tactical  display  should  be 
visible  (2.4  MOA  on  the  display  >  2. 1  MOA  required  at  0. 1  fL).  However,  two  factors  must  be  addressed  before  drawing  a 
conclusion:  Cob  and  Moss’s  threshold  criteria  and  target  duration.  Cob  and  Moss’s  data  and,  thus,  their  visual  models  are 
based  on  the  50%  probability  of  seeing.  However,  for  relaying  information  to  a  busy  pilot,  a  50%  probability  of  receiving 
the  information  they  need  is  probably  insufficient.  Pilots  would  probably  prefer  a  100%  probably  of  seeing.  In  addition, 
pilots  do  not  have  much  time  to  dwell  on  their  displays.  Cob  and  Moss’s  research  indicated  that  the  length  of  time  the 
target  is  visible  impacts  its  visibility.  This  would  further  complicate  extraction  of  information  from  a  display  for  a  pilot  that 
would  not  manifest  itself  in  a  static  assessment  of  visual  performance. 


CONCLUSIONS  AND  COMMENTS 

The  data  gathered  in  this  effort  showed  that  the  Honeywell  CCMFD  passed  MIL-L-85762A  NVIS  B  specification,  as 
required.  The  color  balance  between  red,  green,  and  blue  allowed  the  display  to  achieve  the  full  color  sought  for 
applications  like  maving  maps.  Also,  the  color  coordinates  selected  by  Honeywell  for  red,  green,  and  blue  were  well 
chosen,  allowing  for  easy  color  discrimination  and  identification.  In  general  the  Honeywell  CCMFD  is  not  NVIS  A 
compatible  as  it  was  capable  of  emitting  a  significant  amount  of  red  light.  However,  this  was  not  a  program  requirement. 

The  visibility  of  the  display  was  found  to  be  acceptable  but  marginal.  An  examination  of  the  acuity  and  contrast 
requirements  for  low  luminance  targets  yielded  some  evidence  as  to  why.  Character  sizes  exceeded  threshold  requirements 
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as  defined  by  the  50%  probability  of  seeing.  However,  a  50%  probability  of  seeing  may  be  insufficient  for  the 
acknowledgement  of  information  from  an  aircraft  cockpit  display.  The  amount  of  time  a  pilot  has  to  read  their  displays 
influences  the  display  visibility,  further  compounding  the  problem.  Display  visibility  could  be  improved  by  increasing  the 
luminance  in  the  NVIS  mode.  However,  increasing  the  luminance  could  negatively  impact  NVIS  compatibility. 

Characters  on  displays  like  the  compass  and  the  tactical  display  (bright  characters  on  a  dark  background)  could  be  made 
larger  to  improve  visibility.  Unfortunately,  it  is  unlikely  that  the  display  itself  could  be  made  larger  since  the  F-16  MFD  is 
currently  limited  in  size  due  to  cockpit  constraints. 

In  the  future,  a  more  controlled  experiment  should  be  conducted  to  accurately  quantify  visual  performance  under  the 
luminances  produced  by  the  Honeywell  CCMFD  and  study  the  interaction  between  the  display  and  NVGs.  This  research 
should  examine  more  realistic  conditions.  Additional  and  brighter  cockpit  lighting  should  be  included  to  more  accurately 
simulate  the  NVIS  cockpit.  Observers  should  be  given  a  primary  task  that  occupies  most  of  their  attention  and  be  restricted 
to  quick  glances  at  the  display  symbology.  Finally,  a  real  F-16  canopy  should  be  included  in  the  simulated  cockpit  to 
induce  the  proper  reflection  intensities  and  geometries,  which  may  play  a  larger  role  than  initially  suspected. 
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ABSTRACT 


Night  vision  goggles  (NVGs)  are  used  for  night  flying  in 
many  military  aircraft  in  the  US  Army,  Navy,  and  Air 
Force .  NVGs  are  seen  as  a  means  of  improving  flying 
safety  by  providing  aircrew  with  a  direct  view  of  the 
outside  world  scene  thereby  improving  situation 
awareness .  However,  NVGs  cannot  operate  effectively  in 
a  cockpit  environment  unless  the  interior  lighting  is  NVG 
compatible,  NVG  compatible  means  the  lighting  is 
sufficient  for  the  aircrew  to  view  their  instruments  with 
their  unaided  vision  but  the  lighting  does  not  interfere 
with  the  NVGls  view  of  the  outside  world  There  are 
several  ways  to  achieve  NVG  compatibility  by  using 
plastic  and  glass  filters,  and  by  changing  light  sources  to 
eliminate  near  infra-red  light  from  the  cockpit \  One  less 
desirable  technique  for  achieving  NVG  compatible 
lighting  is  to  use  chemical  lightsticks  to  flood-light  the 
cockpit  instrumentation .  This  paper  presents  a  number  of 
issues  associated  with  using  "c  hems  ticks 11  as  a  means  of 
achieving  NVG  compatibility  including  spectral  effects, 
temporal  effects ,  and  temperature  effects.  It  is  concluded 
that  chemsticks  are  marginal  as  a  means  of  achieving 
NVG  compatibility .  Also,  if  they  are  used,  then  pilots  and 
associated  support  personnel  need  to  be  informed  of  the 
chemsticks  limitations  and  characteristics  to  assure  safe 
NVG  flight  operations . 


INTRODUCTION  AND  BACKGROUND 

During  the  past  decade,  night  vision  goggles  (NVGs) 
have  found  their  way  into  most  USAF  aircraft  cockpits  as 
a  means  of  enhancing  both  safety  and  capability  during 


night  operations.  However,  before  NVGs  can  reach  their 
full  potential  in  an  aircraft  cockpit,  the  cockpit 
instruments,  displays,  and  lighting  must  be  made  NVG 
compatible.  Standard  cockpit  lighting  typically  involves 
incandescent  lamps  with  filters  to  provide  red,  white,  or 
blue-white  illumination  for  night  flight  [5]. 
Unfortunately,  incandescent  lighting  produces  far  more 
near  infra-red  energy  than  it  does  visible  and  the  NVGs 
are  highly  sensitive  to  this  near  infra-red  light.  The  effect 
of  this  is  that  the  internal  cockpit  lights  overpower  the 
NVGs  and  the  pilot  cannot  see  the  outside  world  through 
the  aircraft  windscreen  and  canopy.  The  primary 
technique  for  making  an  aircraft  cockpit  "NVG 
compatible"  is  to  greatly  reduce  or  eliminate  light  within 
the  cockpit  in  the  red  and  near  infra-red  spectral  regions 
where  the  NVGs  arc  highly  sensitive.  In  addition,  there 
must  be  sufficient  visible  light  in  the  green  or  blue-green 
spectral  regions  for  direct  viewing  of  the  aircraft 
instruments  and  displays  [4].  Figure  1  shows  the  human 
visual  system  photopic  sensitivity  curve  in  comparison  to 
the  spectral  sensitivity  of  the  third  generation  ANVIS 
(aviator's  night  vision  imaging  system)  night  vision 
goggles  with  Type  A  and  Type  B  coatings  on  the 
objective  lenses  [2].  It  is  clear  from  Figure  1  that  there  is 
a  relatively  small  (but  highly  significant)  overlap  between 
the  visual  sensitivity  curve  and  the  NVG  sensitivity 
curves.  Although  this  overlap  looks  to  be  somewhat 
small,  one  must  remember  that  the  NVGs  amplify  light  on 
the  order  of  5000  to  6000  times.  Therefore,  even  a  small 
overlap  can  cause  lighting  incompatibility  problems.  This 
is  especially  true  for  light  which  is  perceived  by  the 
human  visual  system  as  being  red  (wavelengths  between 
about  620  and  700  nanometers)  since  the  eye  is  not  very 
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sensitive  here  but  the  NVGs  are.  The  NVIS  (night  vision 
imaging  system)  B  coating  was  devised  to  shift  the  NVG 
spectral  sensitivity  away  from  some  of  the  lower  red 
wavelengths  so  that  red  could  be  used  in  the  cockpit 
without  significantly  interfering  with  the  NVGs. 


Wavelength  (nm) 


Figure  2.  A  typical  chemstick  emission  spectrum 
compared  to  human  vision  spectral  sensitivity  and  NVG 
spectral  sensitivity 


Figure  1.  Relative  spectral  sensitivity  of  night  vision 
goggles  (with  NVIS  A  and  B  coatings)  compared  to 
human  vision. 

Techniques  have  existed  for  some  time  to  make  the 
aircraft  cockpit  NVG  compatible  [4]  and  these  techniques 
have  continued  to  be  improved.  However,  modifying  an 
aircraft  cockpit  to  make  it  properly  NVG  compatible 
according  to  the  NVG  compatible  lighting  Mil  Spec  [2] 
can  be  expensive.  For  this  reason,  operational  squadrons 
have  looked  for  cheaper  and  hopefully,  temporary  means 
of  making  the  cockpit  NVG  compatible.  One  of  these 
approaches  is  to  use  inexpensive  green  chemical  light 
sticks  [3],  commonly  referred  to  as  "chemsticks",  to 
provide  flood-lighting  of  aircraft  instruments.  Not 
surprisingly,  the  list  of  military  uses  on  the  packaging  of 
these  lightsticks  does  not  include  use  as  a  means  of 
obtaining  aircraft  cockpit  NVG  compatibility  [3].  The 
chemsticks  emit  no  infra-red  radiation  (unlike 
incandescent  lights)  but  they  do  have  a  relatively  long 
emission  tail  in  the  red  part  of  the  spectrum.  Figure  2  is  a 
composite  graph  showing  the  typical  chemstick  emission 
spectrum  (for  green  chemsticks  [3];  they  do  come  in  other 
colors  including  near-infra-red),  the  human  visual 
sensitivity  curve,  and  the  NVIS  A  and  B  curves.  From 
this  graph  it  is  apparent  that  the  chemsticks  have  a  good 
spectral  distribution  in  terms  of  providing  light  that  the 
human  visual  system  can  easily  see,  but  they  do  have  a 
somewhat  long  tail  that  overlaps  the  low  end  of  the  NVG 
sensitivity  curves. 

The  chemstick^  that  have  been  used  for  NVG 
compatible  cockpit  lighting  come  in  3  sizes  of  cylindrical 
shapes  as  shown  in  Table  1.  Chemical  light  sticks  have 
been  produced  in  other  shapes  but  they  contain  the  same 
chemicals  as  the  ones  measured  for  this  study. 


Table  1.  Chemstic 


k  sizes  typically  used  in  aviation 


Size 

Length  (in) 

Diameter  (in) 

Small 

1.5 

3/16 

Medium 

4 

1/2 

Large 

6 

5/8 

The  chemsticks  are  activated  by  physically  breaking 
the  glass  ampule  that  is  contained  within  the  plastic  outer 
casing.  This  releases  the  chemical  inside  the  glass  ampule 
which  mixes  with  the  chemical  in  the  outer  case.  The 
light  stick  is  usually  vigorously  shaken  to  mix  the  two 
chemicals  together  thoroughly.  The  light  stick  begins  to 
emit  light  immediately  after  activation. 


CHEMSTICK  CHARACTERISTICS 

Spectral  shift  with  time 

Prior  to  this  investigation,  it  was  thought  that  the 
chemsticks  had  fairly  stable  spectral  distributions. 
However,  spectral  distribution  measurements  of  fourteen 
lightsticks  showed  that  there  was  a  greater  than  expected 
variance.  In  an  effort  to  track  down  the  source  of  this 
variance,  several  lightsticks  were  measured  at  different 
times  after  activation.  Figure  3  shows  the  results  of  these 
measurements.  The  spectral  distribution  of  the  lightstick 
output  shifts  toward  the  red  as  a  function  of  time  after 
activation.  It  is  possible  to  calculate  the  NVG 
compatibility  of  these  spectral  distributions  using  the 
methods  called  out  in  military  specification  (Mil  Spec) 
MIL-L-85762A  [2].  Table  2  is  a  summary  of  these 
calculations  that  show  that  the  chemstick  spectral 
distribution  is  not  in  compliance  with  this  NVG  light 
specification  and  that  it  becomes  somewhat  worse  with 
time  after  activation.  According  to  Table  2,  after  92 
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minutes  the  ehemstick  spectral  emission  produces 
radiation  in  the  NVIS  A  spectral  region  that  is  10.82  times 
higher  than  the  Mil  Spec  allows.  This  means  that 
chemsticks  are  not  in  compliance  with  the  Mil  Spec, 
although,  from  a  practical  standpoint,  they  are 
considerably  better  than  incandescent  lighting  by  many 
orders  of  magnitude. 


Figure  3.  Chemstick  spectral  emission  shift  as  a  function 
of  time  after  activation. 

Table  2.  Effects  of  time  after  activation  on  NVG 
compatibility.  Each  value  is  the  average  of  measurements 
made  on  3  chemsticks. 


Time  after 

X  spec  value 

X  spec  value 

Activation 

NVIS  A 

NVIS  B 

7  min 

7.69x 

3,34x 

50 

10.12 

4.46 

92 

10.82 

4.75 

Luminous  output  versus  time 

One  of  the  worst  characteristics  of  chemsticks  is  that  they 
slowly  decay  with  time.  That  is  to  say,  their  light  output 
decreases  slowly  with  time,  which  makes  it  difficult  for  a 
crewmember  to  notice  when  the  light  level  is  getting  too 
low  until  it  is  too  late.  Figure  4  is  a  graph  showing  the 
luminous  decay  characteristics  of  14  chemsticks.  These 
were  all  designated  as  *T2  hour"  chemsticks  [3]  and 
correspond  to  the  "large"  size  chemstick  described  in 
Table  1 .  There  are  three  main  points  to  notice  regarding 
this  figure.  First,  there  is  a  fairly  significant  variation  in 
the  luminance  level  as  a  function  of  time  from  lightstick 
to  lightstick  (the  upper  and  lower  dashed  lines  are  +/-  2 
standard  deviations).  Second,  the  light  level  drops  off 
rapidly  in  the  first  few  minutes  and  then  drops  off 
somewhat  more  slowly  after  that.  Third,  even  though 
these  are  designated  as  "12  hour"  light  sticks,  it  is 


apparent  from  the  graphs  that  after  only  3  1/2  hours  the 
light  level  is  down  quite  substantially  from  starting  light 
levels.  It  is  the  variability  from  stick  to  stick  and  the 
insidiously  slow  light  fall  off  with  time  that  make 
chemsticks  a  potentially  dangerous  method  of  making  an 
aircraft  cockpit  NVG  compatible.  The  variability  makes 
it  difficult  to  establish  specific  guidelines  on  how  to  set  up 
a  cockpit  for  NVG  compatibility  using  chemsticks  and  the 
slow  light  loss  with  time  makes  it  hard  for  the  pilot  to 
determine  when  the  sticks  have  gotten  too  dim  to  be  able 
to  see  critical  instrument  readings. 


0  A - I - ! - 1 - b- 

0  50  100  150  200 
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Figure  4.  Variation  in  chemstick  luminance  decay  with 
time  for  14  chemsticks.  The  dotted  lines  are  +/-  2 
standard  deviations. 

Temperature  effects  on  luminous  output 
In  order  to  determine  if  temperature  affects  the  luminous 
decay  rate  of  the  chemsticks,  a  special  apparatus  was 
designed  and  fabricated.  The  chemsticks,  after  activation, 
were  placed  in  a  transparent  cylindrical  cell  that  contained 
a  holding  mount  to  clamp  onto  the  chemstick  and  a 
circulating,  cooling/heating  liquid.  The  liquid  was  set  to 
the  desired  temperature  and  maintained  physical  contact 
during  the  time  the  chemstick  was  being  measured.  Both 
4  inch  and  6  inch  chemsticks  were  tested  at  3  different 
temperatures:  50,  70,  and  80  degrees  F.  Figure  5  shows  a 
summary  of  the  results  for  the  4  inch  chemsticks  (the 
results  for  the  6  inch  sticks  were  similar).  Each  curve  is 
the  average  of  5  chemsticks.  The  decay  effects  of  the  70F 
and  80F  temperatures  are  similar  although  it  appears  the 
70F  starts  off  higher,  decays  more  rapidly  at  first,  and 
then  decays  more  slowly  after  about  30  minutes.  The  50F 
luminous  decay  is  dramatically  different.  When  first 
activated  it  is  considerably  lower  in  luminous  output  than 
either  of  the  other  two  temperatures  and  it  stays 
substantially  lower  throughout  the  two  hour  time  period 
that  it  was  measured  for  this  graph.  However,  it  should 
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be  noted  that  after  about  20  minutes  the  50F  light  output 
is  relatively  constant  for  this  two  hour  measurement 
period  unlike  the  higher  temperatures. 


Figure  5.  Effect  of  temperature  on  chemstick  luminance 
decay. 

During  the  time  these  chemsticks  were  being 
measured  under  various  conditions  a  useful  trick  was 
discovered  [1].  If  the  chemsticks  were  refrigerated  (about 
35F  -  NOT  frozen)  and  then  immediately  activated  in  a 
room  temperature  (about  70F)  air  environment,  then  the 
luminous  decay  characteristics  were  significantly 
modified.  Figure  6  shows  the  average  of  2  chemsticks 
that  were  refrigerated  (about  35F)  before  activation  in  a 
70F  air  environment  (dashed  line)  compared  to  the 
average  of  2  chemsticks  that  were  kept  at  room 
temperature  and  then  activated  (solid  line).  The 
refrigerated  chemsticks  started  with  a  lower  luminous 
output  and  dropped  rapidly  similar  to  the  liquid  cooled 
50F  sticks  of  Figure  5.  However,  as  the  chemsticks 
gradually  warmed  up  in  the  70F  room  temperature 
environment  the  luminous  output  actually  increased  until 
about  the  1  hour  point.  After  the  1  hour  point  these  sticks 
slowly  decayed.  The  significance  of  this  effect  is  that  it  is 
possible  to  obtain  a  more  uniform  luminous  output  for  a 
relatively  long  time  (about  3  hours)  if  the  chemsticks  are 
thoroughly  cooled  prior  to  being  activated  in  a  room 
temperature  cockpit  environment.  The  chemsticks  in  this 
experiment  remained  overnight  in  the  refrigerator  to  make 
sure  they  were  completely  cooled  throughout.  They  were 
also  taken  directly  from  the  refrigerator  to  the 
measurement  room  so  only  about  5  to  10  minutes  elapsed 
between  the  time  they  were  taken  from  the  refrigerator 
and  the  time  they  were  activated  as  shown  on  the  graph. 
If  a  longer  time  elapses  between  removal  from 
refrigeration  and  activation  then  one  would  expect 
somewhat  different  results. 


Figure  6.  Demonstration  of  technique  to  reduce  the  rate 
of  chemstick  luminance  decay  by  refrigerating  the 
chemstick  prior  to  use.  The  solid  line  is  a  chemstick  at 
room  temperature  activated  in  room  temperature;  the 
dashed  line  is  a  chemstick  refrigerated  to  about  35 
degrees  F  then  activated  in  room  temperature  (70  deg  F). 


DISCUSSION  AND  CONCLUSIONS 
Although  these  chemsticks  do  not  meet  the  MIL-L- 
85762A  requirements  for  NVIS  radiance  by  several  times 
as  noted  in  Table  2,  their  spectral  distribution  is  such  that 
they  are  reasonably  compatible  with  the  NVG  spectral 
sensitivity.  This  assumes  the  chemsticks  are  positioned  in 
the  cockpit  such  that  the  NVGs  cannot  directly  view  them 
and  such  that  they  do  not  cause  a  direct  reflection  in  the 
windscreen  or  canopy.  The  rationale  for  the  Mil  Spec  on 
NVIS  radiance  was  that  no  light  source  in  the  cockpit 
would  have  an  apparent  luminance,  when  viewing 
through  the  NVGs,  any  greater  than  tree  bark  (about  10% 
reflective)  in  starlight.  This  is  a  very  stringent 
specification  level. 

All  measurements  of  light  output  in  this  effort  were 
actually  a  measure  of  the  surface  luminance  of  the 
chemstick  itself.  This  provided  a  convenient  and 
repeatable  means  of  investigating  the  effects  of  time  and 
temperature  on  the  output  of  the  chemsticks.  The  light 
levels  measured  (typically  several  foot-Lamberts  to  tens 
of  foot-Lamberts)  are  far  brighter  than  what  the 
instrument  panel  indicia  should  be  in  order  to  provide 
sufficient,  but  low  level,  lighting  for  NVG  operation  (or 
ordinary  night  flying,  for  that  matter).  Instrument  panel 
lighting  would  normally  be  set  to  less  than  a  tenth  of  a 
foot-Lambert  by  the  pilot  in  order  to  achieve  comfortable 
lighting  levels  for  night  flying.  However,  if  one  is  flying 
with  NVGs,  which  have  a  light  output  of  a  few 
hundredths  of  a  foot-Lambert  (for  very  low  outside 
illumination  nights)  to  a  couple  of  foot-Lamberts  (for  high 
moon  illumination  nights),  it  might  be  necessary  for  the 
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pilot  to  adjust  his/her  instrument  lighting  somewhat 
higher  to  be  compatible  with  the  light  output  level  of  the 
NVGs.  The  problem  with  chemsticks  is  that  adjusting  the 
lighting  level  is  very  difficult,  especially  during  flight. 
Since  the  chemsticks  are  used  as  an  illumination  source, 
the  apparent  luminance  of  the  instruments  they  illuminate 
becomes  lower  the  further  the  chemstick  is  positioned 
from  the  instrument  and  the  more  off-axis  it  is  positioned. 
Typically,  multiple  chemsticks  are  used  to  illuminate  the 
instrument  panel;  which  means  the  resultant  apparent 
luminance  of  any  particular  instrument  indicia  depends  on 
the  summation  of  light  from  all  the  chemsticks  within  a 
direct  line  of  sight  of  the  indicia.  This  is  a  very  complex 
and  interdependent  situation.  It  is  impossible  to  obtain  a 
uniform  instrument  panel  luminance  distribution  using  the 
chemsticks;  which  is  what,  for  normal  lighting,  cockpit 
lighting  engineers  strive  for  in  order  to  meet  pilot 
demands. 

Other  characteristics  of  chemsticks  that  have  not  been 
a  part  of  the  study  reported  here  are  the  effects  of 
humidity,  age,  and  light  exposure  on  the  light  output  and 
spectral  distribution  of  the  chemsticks.  These  are  subjects 
for  fixture  study. 

Based  on  the  data  collected  to  date,  it  is  concluded 
that  chemsticks  are  marginally  suitable  for  use  as  NVG 
compatible  cockpit  lighting,  BUT,  pilots  need  to  LEARN 
and  MAINTAIN  awareness  of  the  potential  dangers  of 
chemsticks.  It  is  recommend  that  chemsticks  be  kept 
refrigerated  and  sealed  in  their  packaging  prior  to 
transport  and  activation  for  use  in  the  cockpit.  The 
bottom  line  is  that  everyone  involved  should  EXERCISE 
EXTREME  CAUTION  WHEN  USING  OR 
ADVOCATING  CHEMSTICKS  FOR  NVG 
COMPATIBLE  COCKPIT  LIGHTING! 
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3.  PANORAMIC  NIGHT  VISION  GOGGLES 


In  the  mid  1990s,  a  new  and  unique  NVG  design  was  conceived  at  AFRL/HEC,  Wright- 
Patterson  AFB,  Ohio.  A  small  business  innovative  research  (SBIR)  program  developed 
wide  field-of-view  panoramic  night  vision  goggles  (PNVGs)  using  four  image  intensifier 
tubes  instead  of  two.  Results  of  previous  surveys  of  aircrew  members  showed  that  the 
top  two  requested  improvements  were  (1)  increased  field  of  view  (FOV),  closely 
followed  by  (2)  improved  resolution.  However,  these  two  parameters  are  closely  and 
inversely  related  (see  Section  1,  Donohue-Perry,  et  al.,  1994).  Prior  to  this  innovation,  if 
one  wanted  a  wider  field  of  view,  one  had  to  settle  for  lower  resolution.  All  of  the 
articles  in  the  present  section  describe  various  aspects  of  the  development  of  these 
PNV Gs  and  some  unique  issues  that  arise  because  of  the  optical  design  requirements 

These  articles  are  reprinted  to  provide  the  reader  with  a  reference  and  background  to 
better  understand  PNVGs. 
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Abstract 

A  novel  approach  to  significantly 
increasing  the  field  of  view  (FOV) 
of  night  vision  goggles  (NVGs)  has 
been  developed  and  demonstrated. 
This  approach  uses  four  image 
intensifier  tubes  instead  of  the  usual 
two  to  produce  a  very  wide  100 
degree  horizontal  by  about  4  0 
degree  vertical  FOV.  A  conceptual 
working  model,  designated  the 
Panoramic  NVG,  has  been 
fabricated  and  evaluated. 

Introduction 

The  Panoramic  NVG  (PNVG)  [1],  [2]  is  a 
revolutionary  change  to  traditional  image 
intensifier-based  night  vision  devices.  The 
initial  focus  of  the  PNVG  project  centered 
around  developing  an  “enhanced  capability” 
NVG.  A  primary  candidate  parameter  for 
enhancement  was  the  NVG  FOV  with  other 
parameters  such  as  resolution,  weight, 
center  of  gravity,  and  integrated  display 
symbology  overlay  as  secondary  objective 
enhancements. 

A  conceptual  working  model  was 
developed  and  fabricated  (Figure  1)  that 
displays  a  100  degree  horizontal  by  40 
degree  vertical  intensified  FOV  (Figure  2). 
This  increased  the  intensified  image  seen  by 
the  wearer  by  160  percent  compared  to  the 
currently  fielded  40  degree  circular  field  of 
view  systems.  The  larger  FOV  was 
achieved  by  using  four  off-the-shelf  image 
intensifier  tubes  to  produce  four  ocular 
channels.  Two  channels  were  used  to 
produce  a  full  30  degree  by  40  degree 
binocular  FOV,  and  the  other  two  were 
used  to  produce  monocular  left  and  right 
eye  channels  of  about  35  degrees  by 


40  degrees.  The  PNVG’s  folded  optical 
system  resulted  in  a  much  better  center  of 
gravity  compared  to  the  currently  fielded 
AN/AVS-6  and  AN/AVS-9  type  NVG 
configuration.  Even  with  the  added  image 
intensifier  tubes  and  associated  optics,  the 
overall  weight  of  the  device  was 
comparable  to  currently  fielded  NVGs. 
The  larger  FOV  and  better  center  of  gravity 
should  reduce  fatigue  effects  during  long 
missions  and  potentially  permit  the  PNVG 
to  be  retained  upon  ejection  for  use  in 
evasion,  escape,  and  rescue. 


Fig.  1  PNVG  Conceptual  Working  Model 


Fig.  2  PNVG  simulated  FOV 
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Background 

NVGs  have  been  used  in  military  aviation 
for  more  than  20  years  with  FOVs  ranging 
from  30  degrees  (early  Cat’s  Eyes  NVGs 
from  GEC-Marconi  Avionics)  to  45 
degrees  (NITE-OP  and  NITE-Bird  NVGs, 
also  GEC-Marconi  Avionics).  The  vast 
majority  of  NVGs  used  in  military  aviation 
have  a  40  degree  field  of  view  (Figure  3) 
(AN/AVS-6  and  AN/AVS-9).  One  major 
design  characteristic  of  these  NVGs  is  that 
increased  FOV  could  only  be  obtained  at 
the  expense  of  resolution  [3],  [4]  since  each 
ocular  uses  only  a  single  image  intensifier 
tube.  The  image  intensifier  tube  has  a  fixed 
number  of  pixels  (picture  elements). 
Therefore,  if  these  are  spread  over  a  larger 
FOV,  then  the  angular  subtense  per  pixel 
increases,  which  corresponds  to  reduced 
resolution. 


Fig.  3  Simulated  AN/AVS-6  and 
AN/AVS-9  FOV  for  comparison  with  the 
PNVG 

A  fairly  extensive  survey  of  military  (US 
Air  Force)  NVG  users  during  1992  and 
1993  determined  that  increased  FOV  was 
the  number  one  enhancement  most  desired 
by  aircrew  members  closely  followed  by 
resolution  [5],  [6].  This  was  one  of  the 
major  motivating  factors  in  seeking  an 
enhanced  NVG  capability. 

PNVG  Description 

The  PNVG  features  a  partial  overlap,  100 
degree  horizontal  by  approximately  40 
degree  vertical  intensified  FOV.  The 
central  30  degree  horizontal  by  40  degree 
vertical  FOV  is  completely  binocular,  while 


the  right  35  degrees  is  seen  with  the  right 
eye  only  and  the  left  35  degrees  is  viewed 
by  the  left  eye  only.  A  thin  demarcation 
line  separates  the  binocular  scene  from  the 
outside  monocular  scenes.  For  this  effort, 
four  off-the-shelf  PVS-7,  third-generation, 
18mm  format,  image  intensifier  tubes  were 
used.  These  tubes  were  selected  because 
they  do  not  have  an  image-inverting  fiber 
optics  attached.  Using  dual  fixed 
eyepieces,  tilted  and  fused  together,  folded 
optics,  and  a  total  of  four  adjustable-focus 
objective  lenses,  it  was  possible  to  produce 
the  PNVG  conceptual  working  model. 
Only  16mm  of  the  active  18mm  format  of 
the  image  intensifier  tube  was  used,  which 
enabled  the  corresponding  optics  to  be 
significantly  reduced.  This  smaller  format 
and  the  use  of  remote  AN/AVS-6  power 
supplies  were  the  primary  reasons  the 
PNVG  weight  was  kept  to  only  569  grams, 
very  similar  to  the  currently  fielded 
AN/AVS-6  and  AN/AVS-9  NVG  systems. 
Due  to  space  constraints,  slower  than 
desired  F/1.44  inner  objective  lenses  and 
F/1.7  outer  objective  lenses  were 
incorporated  along  with  an  eyepiece 
effective  focal  length  of  2 1 .9mm.  Physical 
eye  relief  was  measured  to  be 
approximately  17mm  (Figure  4). 


Fig.  4  Schematic  diagram  of  the  PNVG 

A  single  inter-pupilary  distance  adjustment 
enables  the  wearer  to  align  the  eyepieces  for 
their  individual  requirements.  System 
power  (AA  alkaline  batteries  or  standard 
military  batteries)  and  mechanical  mounting 
hardware  are  identical  to  the  fielded 
systems  thereby  allowing  for  simple 
operation  and  compatibility  for  attachment, 
stow,  and  detachment  of  the  PNVG. 
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PNVG  Evaluation 

Laboratory  assessments  were  done  on  the 
PNVG  for  visual  acuity  under  various 
illumination  conditions  (for  the  binocular 
FOV  only)  and  for  total  visible  FOV.  To 
assess  visual  acuity,  three  trained  observers 
looked  through  the  PNVG  at  a  chart 
composed  of  patches  of  square-wave 
gratings  in  a  series  of  increasing  spatial 
frequencies.  The  observer  selected  the 
highest  spatial  frequency  grating  that  he/she 
could  resolve  then  walked  backward  until 
the  selected  grating  was  barely  resolvable. 
The  baseline  observation  distance  for  the 
chart  was  30  feet.  The  final  angular  spatial 
frequency  of  the  grating  (cycles/degree) 
was  calculated  by  multiplying  the  base 
spatial  frequency  times  the  ratio  of  the 
walk-back  distance  to  30  feet.  These  data 
were  then  converted  to  cycles  per 
milliradian  (in  parentheses  below)  and  to 
Snellen  acuities  (numbers  in  front  of  the 
numbers  in  parentheses).  This  was  done 
three  times  for  each  observer  for  each 
illumination  condition.  Each  ocular  of  the 
PNVG  was  measured  separately  then  a 
binocular  assessment  was  made.  The 
results  shown  below  correspond  to  the 
median  visual  acuity  (or  resolution  in  cycles 
per  milliradian)  value  obtained  from  the 
three  observers: 

MedianVisual  Acuity  (Resolution) 

“Starlight  Conditions” 

Left  channel  Rt.  channel  Binocular 

93(0.37)  93(0.37)  93(0.37) 

“Quarter  Moon  Conditions” 

Left  channel  Rt.  channel  Binocular 

44(0.78)  40(0.86)  42(0.82) 


Testing  FOV  was  a  bit  more  difficult  due  to 
the  very  large  FOV  and  the  nature  of  the 
partial  binocular  overlap.  The  PNVGs 
were  positioned  in  a  mount  fixed  to  an 
optical  bench,  and  observers  viewed 
through  the  PNVGs  to  determine  how  far 
they  could  see  to  the  edge  of  the  FOV  for 
each  ocular.  This  spot  was  marked  on  the 


wall  and  trigonometry  was  used  to 
determine  the  field  angles.  Since  the  far 
wall  used  for  this  assessment  was  only 
about  12  feet  away,  precise  results  could 
not  be  obtained.  The  median  FOV  values 
for  the  three  observers  are  shown  below: 

Total  FOV  Per  Channel 

Channel  Median  FOV  degrees 
Left  outer  42 

Left  center  33 

Rt.  center  35 

Rt.  outer  41 

Total  Span  92 

**  Note  that  after  testing,  bent  brackets  on 
the  PNVG  were  discovered,  which 
accounted  for  lower  than  expected  readings 
for  FOV.  Follow-on  measurements  by  the 
Night  Vision  Corporation  indicated  a  total 
span  of  about  101  degrees. 

Field  evaluations  have  consisted  primarily 
of  “quick  look”  flight  tests  and  ground 
assessments.  The  flight  tests  were 
accomplished  on  both  Air  Force  and  Army 
fixed-  and  rotary-wing  platforms  but 
limited  to  dry,  high  illumination  conditions. 
Ground  assessments  were  mainly  done  in 
darkrooms  simulating  the  night 
environment.  Final  reports  have  not  yet 
been  published  documenting  the  official 
findings.  However,  comments  regarding 
the  PNVG  and  the  greatly  enhanced  field  of 
view  have  been  mostly  positive.  Some 
researchers  were  concerned  that  “liming”, 
or  other  effects  associated  with  the  “eye- 
divergent”  partial  overlap  method  of 
obtaining  the  large  total  FOV,  might  be  a 
problem  [7].  However,  no  comments  were 
received  indicating  this  phenomena  was 
observed. 

Future  Directions 

Ten  new  working  models  in  three  different 
configurations  are  currently  under 
development  as  part  of  an  advanced 
technology  demonstration.  Configuration  1 
(four  each)  will  be  designed  for  ejection 
compatibility.  The  PNVG  will  be  attached 
to  the  HGU-55/P  helmet,  fit  underneath  the 
visor,  and  mounted  to  a  “universal 
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connector”  used  in  the  Visually-Coupled 
Acquisition  and  Targeting  System  helmet- 
mounted  display.  Additionally,  it  will  be 
equipped  with  an  integrated  head-up 
display  (HUD)  along  with  head  tracker 
sensors  and  associated  cables/electronic 
components.  Configuration  2  (two  each) 
will  be  designed  for  transport  and  rotary 
platforms.  This  configuration  will  attach  to 
the  HGU-55/P  and  SPH-4  helmet, 
mounted  to  the  currently  fielded  AN/AVS-6 
and  AN/AVS-9  attachments,  and  will  be 
equipped  with  the  integrated  HUD. 
Configuration  3  (four  each)  will  be  the 
same  as  configuration  2  but  without  the 
integrated  HUD. 

The  primary  objectives  in  this  phase  are  to 
develop  a  16mm  format  image  intensifier 
tube  and  associated  power  supply;  integrate 
an  active  matrix  electroluminescent  display 
for  symbology  purposes;  optimize  the 
folded  optical  design  as  well  as  the  human 
engineering  of  the  overall  packaging, 
mechanical  adjustments,  and  attachments. 
Additionally,  four  weight  and  space  models 
will  be  fabricated  and  subjected  to 
windblast,  impact,  penetration,  ballistic, 
and  ejection  tower  (if  required)  testing. 

Conclusion 

The  PNVG  conceptual  working  model 
demonstrates  the  feasibility  and  benefits  of 
a  very  wide  FOV  image  for  night 
operations.  Better  situational  awareness, 
reduced  fatigue  during  long  missions, 
possible  ejection  compatibility,  and  an 
overall  increase  in  mission  safety  and 
effectiveness  indicate  the  PNVG  should 
have  a  tremendous  impact  on  nighttime 
performance. 
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ABSTRACT 


A  novel  approach  to  significantly  increasing  the  field  of 
view  (FOV)  of  night  vision  goggles  (NVGs)  has  been 
developed .  This  approach  uses  four  image  mtensifier 
tubes  instead  of  the  usual  two  to  produce  a  100  degree 
wide  FOV.  A  conceptual  demonstrator  device  was 
fabricated  in  November  1995  and  limited  flight 
evaluations  were  peiformed.  Further  development  of  this 
approach  continues  with  eleven  advanced  technology 
demonstrators  scheduled  for  delivery  by  the  end  of 
December  1998  that  will  feature  five  different  design 
configurations.  Some  of  the  units  will  be  earmarked  for 
ejection  seat  equipped  aircraft  due  to  their  low  profile 
design  allowing  the  goggle  to  be  retained  safely  during 
and  after  ejection.  Other  deliverables  will  he  more 
traditional  in  design  approach  and  concentrate  more  on 
transport  and  helicopter  aircraft  as  well  as  ground 
personnel  Planned  testing  to  collect  both  subjective  and 
quantitative  data  will  begin  in  November  1998 . 


INTRODUCTION 

Delivery  of  the  conceptual  demonstrator  device  (Figure 
1),  now  referred  to  as  the  panoramic  night  vision  goggle 
(PNVG),  was  quite  impressive  considering  it  was 
developed  with  very  limited  funding  under  a  phase  I  small 
business  innovative  research  (SBIR)  program  with  Night 
Vision  Corporation.  The  extremely  positive  feedback  of 
this  demonstrator  from  the  warfighter  community 
propelled  the  program  into  a  phase  II  SBIR  effort  and  also 
received  the  attention  and  supplemental  funding  support 
of  the  Air  Force  Research  Laboratory’s  Helmet-Mounted 
Sensory  Technologies  program  office.  Phase  II  will 
further  develop  the  PNVG  by  first  addressing  ejection  seat 
aircraft  with  two  configurations  of  a  low  profile  design 
(designated  PNVG  I).  This  version  with  its  better  center 
of  gravity  should  bp  less  fatiguing  during  longer  flights 
and  will  potentially  allow  for  ejection  by  permitting 
retention  of  the  system  on  the  head  throughout  the  ejection 
sequence.  Retention  of  PNVG  I  may  also  permit  quick 
evasion  and  rescue.  Additionally,  three  configurations  of  a 
never-before-seen  NVG  for  transports,  helicopters,  and 


ground  personnel  (designated  PNVG  II)  are  being 
developed.  These  models  will  look  more  like  a  traditional 
goggle,  PNVG  II,  while  weighing  more  than  a  PNVG  I, 
should  be  more  robust  and  will  attach  to  any  existing 
ANVIS  mounting  system.  Both  PNVG  I  and  II,  like  the 
phase  I  conceptual  demonstrator,  will  provide  a  100 
degree  horizontal  by  40  degree  vertical  (100°  H  X  40°  V) 
intensified  field  of  view  (FOV)  (Figure  2),  This 
represents  a  160%  increase  of  the  warfighter’s  intensified 
image  FOV  compared  to  currently  fielded  40°  circular 
FOV  systems. 


Figure  1.  PNVG  conceptual  demonstrator  (Patent 
Pending) 


Figure  2.  PNVG  simulated  FOV 


BACKGROUND 

NVGs  with  FOVs  ranging  from  30°  (GEC-Mareoni 
Avionics’  early  Cat’s  Eyes  NVGs)  to  45°  (GEC-Marconi 
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Avionics’  NITE-OP  and  NITE-Bird  NVGs)  have  been 
used  in  military  aviation  for  more  than  20  years.  The  vast 
majority  of  NVGs  (AN/AVS-6  and  AN/AVS-9)  provide  a 
40°  FOV  (Figure  3).  Because  each  ocular  uses  only  a 
single  image  intensifier  tube,  increased  FOV  for  these 
NVGs  can  only  be  obtained  at  the  expense  of  resolution 
(Donohue-Perry,  Task,  &  Dixon,  1994  and  Task,  1992). 
The  image  intensifier  tube  has  a  fixed  number  of  pixels 
(picture  elements).  Therefore,  if  the  pixels  are  spread 
over  a  larger  FOV,  the  angular  subtense  per  pixel 
increases  proportionally.  As  a  result,  resolution  is 
reduced. 


Figure  3.  Simulated  AN/AVS-6  and  AN/AVS-9  FOV  for 
comparison  with  the  PNVG 

An  extensive  survey  of  military  (U.S.  Air  Force)  NVG 
users  conducted  during  1992  and  1993  revealed  that 
increased  FOV  was  the  number  one  enhancement  most 
desired  by  aircrew  members.  Resolution  followed  closely 
(Hettinger,  Donohue-Perry,  Riegler,  &  Davis,  1993  and  . 
Donohue-Perry,  Hettinger,  Riegler,  &  Davis,  1993).  This 
was  a  major  motivating  factor  for  the  development  of  an 
enhanced  NVG  capability. 

PNVG  I  DESCRIPTION 

PNVG  I  (figure  4)  is  similar  in  design  approach  to  the 
conceptual  demonstrator  PNVG  developed  under  the 
phase  I  SBIR  program  but  has  optimized  the  overall 
design  and  added  several  enhancements.  PNVG  I  still 
features  a  partial  overlap  (100°  H  X  approximately  40°  V) 
intensified  FOV.  The  central  30°  H  X  40°  V  FOV 
remains  completely  binocular  while  the  right  35°  is  visible 
only  to  the  right  eye  and  the  left  35°  is  visible  only  to  the 
left  eye. 

Additionally,  a  thin  demarcation  line  separates  the 
binocular  image  from  the  monocular  peripheral  image. 
PNVG  I  features  a  newly  developed  16mm  image 
intensifier  tube  rather  than  the  currently  fielded  18mm 
format  tube.  Along  with  the  goal  of  offering  comparable 
performance  to  the  recent  Omni  IV  tubes,  its  weight  will 
be  reduced  by  more  than  50%.  Therefore,  four  16mm 
PNVG  tubes  weigh  less  than  two  of  the  current  18mm 
tubes.  The  16mm  tubes  have  longer  fiber  optics  on  the 


Figure  4.  PNVG  I  (Patent  Pending) 

outside  optical  channel  than  the  inner  optical  channel. 
The  outer  and  inner  channel  fiber  optics  do  not  require 
image-inverting  fiber  optics.  Dual  fixed  eyepieces  (tilted 
and  fused)  and  four  objective  lenses  (the  inner  two 
adjustable  and  the  outer  two  fixed)  make  up  part  of  the 
folded  optical  approach.  The  inner  optical  channels 
include  very  fast  F/1.17  objective  lenses  as  compared  with 
the  F/1.25  objective  lenses  of  the  currently  fielded 
AN/AVS-6  and  AN/AVS-9  goggles.  The  outboard 
channels,  due  to  size  and  weight  constraints,  incorporate 
F/1.30  objective  lenses.  All  of  the  objective  lenses  will 
incorporate  Class  B,  leaky  green  filters  for  compatibility 
with  color  cockpits  and  aircraft  head-up  displays. 
Eyepiece  effective  focal  length  is  24mm  while  the 
physical  eye  clearance  has  been  designed  for  22mm.  A 
specially  designed  single  left  side  and  single  right  side 
power  supply  is  remotely  located  but  allows  each  side’s 
inner  and  outer  optical  channels  to  be  controlled 
independently.  Multiple  adjustments  (i.e.  tilt,  independent 
inter-pupilary  distance,  up/down,  and  fore/aft)  should 
permit  an  optimized  optical  fitting.  Customized  visors 
will  also  be  incorporated  for  mechanical  stability  and 
escape  protection.  Individualized  holes  will  be  cut  for  the 
objective  lenses  to  stick  through.  Also,  a  unique  latching 
mechanism  affords  one-handed  don/doff  capability.  A 
new  linkage  system  enables  the  PNVG  I  to  easily 
transition  into  a  stow  position  (Figure  5). 

During  normal  use,  power  is  provided  to  the  system  by  the 
aircraft.  In  the  event  of  an  ejection,  two  “AAA”  alkaline 
batteries  located  in  the  remote  electronics  module  (REM) 
provide  power  during  the  escape  sequence,  evasion,  and 
rescue.  Due  to  funding  constraints,  PNVG  I  is  currently 
designed  to  attach  to  only  the  Air  Force’s  HGU-55P 
helmet. 

Two  configurations  of  the  PNVG  I  will  be  delivered. 
PNVG  I-Configuration  1,  will  have  four  deliverables. 
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The  PNVG  module  will  attach  to  a  unique  “universal 
connector”,  the  same  connector  used  with  the  Visually 
Coupled  Acquisition  and  Targeting  System  (VCATS) 
daytime  helmet  module.  VCATS  is  currently  being 
evaluated  as  part  of  an  advanced  technology 


Figure  5.  PNVG  I  in  stow  position  (Patent  Pending) 

demonstration  at  the  422nd  Test  and  Evaluation  squadron 
at  Nellis  AFB,  The  universal  connector  provides  aircraft 
data  and  power  to  the  PNVG  module.  This  configuration 
also  features  a  640x480  active  matrix  electroluminescent 
display  (AMEL)  for  symbology  overlay  and  a  magnetic 
head-tracker  with  electronics  located  in  the  REM.  PNVG 
I-Configuration  2,  a  stripped  down  version  of 
Configuration  1,  will  have  two  deliverables. 
Configuration  2  does  not  include  an  AMEL  display, 
magnetic  head-tracker,  or  electronics  package.  Since  the 
majority  of  the  HGU-55P  helmets  are  not  equipped  with 
the  VCATS  universal  connector,  a  special  banana  clip 
mount  has  been  designed  that  will  accept  the  PNVG 
module  on  any  HGU-55P  helmet.  Because  there  is  no 
aircraft  power  being  provided  through  a  universal 
connector  for  configuration  2,  system  power  will  be 
supplied  by  the  two  “AAA”  alkaline  batteries  located  in 
the  REM. 

PNVG  II  DESCRIPTION 

An  alternative  approach  to  PNVG  I  has  been  developed. 
The  partial  overlap  100°  H  X  40°  V  intensified  FOV  is 
maintained  but  the  system  resembles  the  currently  fielded 
aviator  NVGs  (Melzer  &  Moffit,  1991).  Whereas  PNVG 
I  mates  to  only  the  HGU-55P  helmet,  PNVG  II  (Figure  6) 
is  compatible  with  any  helmet  that  incorporates  the 
standard  ANVIS  mounting  bracket.  This  will  allow  any 
warfighter  to  assess  the  utility  of  a  panoramic  night  vision 
scene  given  they  have  the  proper  bracket.  If  testing 
proves  that  the  panoramic  scene  is  required  but  the  PNVG 
I  approach  is  preferred,  a  development  effort  will  have  to 
address  the  specific  design  issues  necessary  to  mate  it  with 
a  particular  helmet  type. 


Figure  6,  PNVG  II  (Patent  Pending) 

Similar  to  the  PNVG  I,  the  central  30°  H  X  40°  V  FOV  is 
completely  binocular  while  the  right  35°  is  visible  only  to 
the  right  eye  and  the  left  35°  is  visible  only  to  the  left  eye. 
Additionally,  a  thin  demarcation  line  separates  the 
binocular  image  from  the  outside  monocular  image. 
PNVG  II  utilizes  the  newly  developed  16mm  image 
intensifier  tube  but  requires  image  inverting  fiber  optics 
(the  outer  channel  fiber  optics  are  the  same  length  as  the 
inner  channel).  Dual  fixed  eyepieces,  tilted  and  fused 
together,  and  four  objective  lenses  (the  inner  two 
adjustable  and  the  outer  two  fixed)  remain  part  of  the 
optical  approach.  The  non-folded  inner  optical  channels 
are  designed  with  extremely  fast  F/1.05  objective  lenses. 
The  folded  outboard  channels  use  the  PNVG  I  inner 
channel  optics  with  F/1.17  objective  lenses.  Eyepiece 
effective  focal  length  is  24mm  while  the  physical  eye 
clearance  has  been  significantly  increased  to  27mm.  All 
of  the  mechanical  adjustments  currently  available  on  the 
AN/AVS-6  and  AN/AVS-9  remain  (i.e.  tilt,  independent 
inter-pupilary  distance  adjustment,  up/down,  fore/aft). 
Power  for  the  PNVG  II  will  be  provided  via  the  batteries 
that  are  currently  integrated  with  the  AN/AVS-6  and 
AN/AVS-9  mounting  systems.  Therefore,  no  special 
power  provisions  are  necessary. 

Three  configurations  of  PNVG  II  will  be  delivered. 
PNVG  II-Configuration  3  will  have  only  one  deliverable 
but  it  will  feature  a  640x480  AMEL  display.  Additionally 
it  will  have  a  Class  B,  leaky  green  filter  incorporated  into 
the  objective  lens.  PNVG  II-Configuration  4  will  have 
three  deliverables  but  will  not  include  the  AMEL  display. 
One  of  the  three  will  use  the  Class  B,  leaky  green  filter 
while  the  remaining  two  will  use  a  Class  A  filter.  The 
final  deliverable,  PNVG  II-Configuration  5,  is  intended 
for  ground  applications  and  will  be  integrated  to  a  special 
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hand-held  “PIRATE”  mounting  system  including  its  own 
batteries  and  a  single  infrared  diode.  This  configuration 
will  not  include  an  AMEL  display  and  the  objective  lens 
will  be  unfiltered  (i.e.  no  class  A  or  B  filters). 

PNVG  TEST  PLAN 

A  critical  step  in  the  development  of  the  PNVG  system  is 
the  completion  of  performance-based  field  evaluations.  It 
is  important  to  have  an  empirical  basis  for  determining  the 
cost/benefit  afforded  by  the  capabilities  of  the  PNVG 
compared  to  present  NVGs.  Toward  this  end,  a  two¬ 
pronged  multi-phased  evaluation  program  is  being 
planned.  The  testing  activities  will  occur  both  in  the 
laboratory  (simulation  facilities)  and  during  operational 
flights.  Ideally,  to  maximize  how  well  findings  can  be 
generalized  from  the  laboratory  to  the  field,  subject  matter 
experts  (appropriately  rated  pilots)  will  serve  as 
experiment  participants  for  both  phases.  The  evaluation 
and  experimental  design  is  being  structured  to  include 
both  fixed-  and  rotary-wing  applications. 

It  is  anticipated  that  the  use  of  the  PNVG  technology  will 
result  in  both  performance  and  behavioral  differences 
when  compared  to  conventional  NVGs.  The  evaluation 
methodology  is  being  designed  to  investigate  these 
differences  via  the  performance  operationally 
representative  tasks  which  hold  practical  significance. 
Included  are  both  flight  and  target  search  tasks. 
Subjective  feedback  will  also  be  collected  to  compare  the 
different  FOV  technologies  in  terms  of  pilot  preference, 
subjective  workload,  and  subjective  situation  awareness. 

The  first  phase  of  the  evaluation  is  comprised  of  a  series 
of  simulation  trials.  The  purpose  of  using  the  simulator  as 
an  initial  evaluation  step  is  to  validate  the  test 
methodology  in  a  relatively  quick  and  inexpensive 
manner.  Unique  to  the  simulation  trials  will  be  those  tasks 
which  are  impractical  or  exceedingly  dangerous  for  actual 
flight  trials.  The  basic  tasks  which  prove  to  be  sensitive 
performance  discriminators  in  simulation  will  be 
replicated  in  flight  test. 

The  following  are  example  tasks  and  measures  presently 
being  considered  for  the  empirical  evaluation: 

Simulator  Tasks:  These  tasks  will  include  a  manipulation 
of  flight  symbology  in  addition  to  the  PNVG  / 
conventional  NVG  comparison.  The  simulation  trials  will 
be  developed  for  and  run  in  the  Air  Force  Research 
Laboratory’s  Synthesized  Immersion  Research 
Environment  Facility  (SIRE)  or  similar  high-resolution 
large  dome  simulator  (Geiselman,  Brickman,  Hettinger, 
Hughes,  DeVilbiss,  &  Haas,  1998). 


Fixed-wing  simulator  tasks:  The  purpose  of  the  PNVG 
technology  is  to  afford  the  pilot  daytime-like  performancei 
under  conditions  of  degraded  vision  (i.e.  night)J 
Representative  tasks  for  the  evaluation  will  include  those 
which  are  difficult  during  extremely  low  light  level  night 
operational  conditions.  Also  included  are  primary  tasks 
such  as  target  search  and  identification,  low  altitude 
navigation,  dive-toss  bombing,  formation  flight,  blacked 
out  runway  landings,  etc.  For  all  of  these  tasks, 
simulation  catch  trials  will  be  developed  to  include  critical 
events  such  as  terrain  obstructions,  airborne  threats 
(potential  midair),  and  runway  incursion.  These  events 
will  be  included  in  the  experimental  design  as  secondary 
measures  of  situation  awareness  and  task  saturation. 

Performance  measures  will  be  collected  and  analyzed  to 
help  determine  the  effects  of  changes  in  FOV  and  the 
addition  of  symbology  on  performance  during  trials  of  the 
aforementioned  primary  tasks  and  critical  events. 
Behavioral  measures  in  the  form  of  head  movement  and 
position  data  will  be  analyzed  to  investigate  the  effects  of 
the  independent  variables  (e.g.  no  aid  vs.  NVG  vs.  PNVG 
with  and  without  symbology)  on  pilot  line-of-sight 
variability  (including  the  proportion  of  head-out  and  head- 
up  time  as  a  result  of  the  display  manipulations),  rate-of- 
translation,  reversals,  search  patterns,  and  fixation  area. 
Subjective  feedback  will  include  pilot  preference 
questionnaires,  subjective  workload  ratings  (i.e.  NASA 
task  loading  index:  NASA-TLX  (Hart  &  Staveland, 
1988))  and  subjective  situation  awareness  comparisons 
(i.e.  Cognitive  Compatibility  Situation  Awareness  Rating 
Technique:  CC-S ART  (Taylor,  1995)). 

Fixed-wing  flight  test:  To  the  extent  possible,  the  fixed- 
wing  in-flight  evaluation  tasks  will  include  replications  of 
the  simulation  tasks.  Similar  objective  and  subjective 
measures  will  be  collected  and  analyzed.  The  planned 
operational  evaluations  will  be  conducted  in  F-15C 
aircraft  at  Nellis  AFB,  Nevada  by  the  422nd  Test  and 
Evaluation  Squadron. 

Rotary-wing  evaluation:  The  rotary-wing  simulation  tasks 
will  include  elements  similar  to  the  fixed-wing 
evaluations.  These  include  target  search  and 
identification,  landing,  critical  events  (i.e.  wire  crossing 
during  terrain  masking  maneuvers).  In  addition, 
methodology  from  previously  performed  simulation 
studies  and  flight  evaluations  will  be  replicated  for  the 
purposes  of  the  present  evaluation.  For  instance, 
standardized  helicopter  handling  qualities  maneuvers  have 
been  successfully  demonstrated  as  sensitive  evaluation 
variables  for  similar  display  FOV  research  (Szoboszlay, 
Haworth,  Reynolds,  Lee,  &  Halmos,  1995).  These  tasks, 
and  their  associated  performance  measures,  will  be 
modified  for  use  as  both  simulation  and  flight  trials  to 
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meet  the  objectives  of  the  current  evaluation.  Flight 
testing  will  be  completed  at  Ft,  Belvoir  and  the  NASA 
Ames  Research  Center  (Szoboszlay  et  al.,  1995),  The 
rotary  wing  tests  will  include  behavioral  and  subjective 
measures  similar  to  those  presented  in  the  fixed  wing 
section, 

CONCLUSION 

The  PNVG  conceptual  working  model  developed  under 
the  phase  I  SBIR  demonstrated  the  feasibility  of  a  very 
wide  FOV  image  for  night  operations.  The  eleven 
advanced  technology  demonstrators  being  delivered  under 
phase  II  will  allow  the  warfighter  to  evaluate  the 
operational  utility  of  the  PNVG.  As  a  result  of  both  the 
performance-based  simulator  and  field  evaluations,  a 
better  understanding  will  be  gained  of  the  PNVG’s  impact 
on  such  areas  as  improved  situational  awareness,  reduced 
fatigue  during  long  missions,  ejection  compatibility,  and 
overall  increased  mission  performance  and  safety, 

ACKNOWLEDGEMENTS 

This  Phase  II  SBIR  was  funded  by  the  Small  Business 
Innovative  Research  program  and  the  Air  Force  Research 
Laboratory’s  Helmet-Mounted  Sensory  Technologies 
Program  Office  at  Wright-Patterson  AFB,  Ohio, 

REFERENCES 

Donohue-Perry,  M.  M.,  Hettinger,  L.  L,  Riegler,  J.  T.,  & 
Davis,  S,  A,  (1993),  Night  vision  goggle  (NVG)  users' 
concerns  survey  site  report:  Dover  AFB  DE  (Report  No, 
AL/CF-TR- 1993 -007 5 ) .  Wright-Patterson  AFB,  OH: 
Armstrong  Laboratory.  (DTIC  No,  B 178369) 

Donohue-Perry,  M.  M.,  Task,  H.  L.,  &  Dixon,  S.  A, 
(1994),  Visual  Acuity  vs.  Field  of  View  and  Light  Level 
for  Night  Vision  Goggles,  Proceedings  of  SPIE 
Conference  No.2218  Helmet -  and  Head-Mounted 
Displays  and  Symbology  Design  Requirements ,  Orlando, 
FL,  April,  1994. 

Geiselman,  E.E,,  Brickman,  B  J,,  Hettinger,  LJ,,  Hughes, 
T.,  DeVilbiss,  C.,  &  Haas,  M.W.  (1998).  Methodology 
for  evaluating  off-axis  helmet-mounted  display  ownship 
information.  Proceedings  for  the  Third  Annual 
Symposium  and  Exhibition  on  Situational  Awareness  in 
the  Tactical  Air  Environment  Naval  Air  Warfare  Center  - 
Aircraft  Division.  Patuxent  River,  MD.,  pp.  175. 

Hart,  S.G.,  &  Staveland,  L.E.  (1988),  Development  of  a 
multi-dimensional  workload  rating  scale:  results  of 
empirical  and  theoretical  research.  In  P.A,  Hancock  and 
N.  Meshkati  (Eds.),  Human  Mental  Workload. 
Amsterdam.  The  Netherlands:  Elsevier, 


Hettinger,  L.  J.,  Donohue-Perry,  M.  M.,  Riegler,  J.  T.,  & 
Davis,  S.  A,  (1993),  Night  vision  goggle  (NVG)  users' 
concerns  survey  site  report:  Fairchild  AFB  WA  (Report 
No,  AL/CF-TR- 1993-0094).  Wright-Patterson  AFB,  OH: 
Armstrong  Laboratory,  (DTIC  No.  B 178368) 

Melzer,  J.  E.  &  Moffit,  K.  W.  (1991).  Ecological  approach 
to  partial  binocular  overlap.  Large  Screen  Projection , 
Avionic ,  and  Helmet-Mounted  Displays ,  Proceedings  of 
the  SPlEf  1456 , 124 ,  SID  paper 

Szoboszlay,  Z,,  Haworth,  L.,  Reynolds,  T.,  Lee,  A,,  & 
Halmos  Z.  (1995).  Effects  of  field-of-view  restriction  on 
rotorcraft  pilot  workload  and  performance  -  preliminary 
results.  Helmet -  and  Head-Mounted  Displays  and 
Symbology  Design  Requirements  II.  Lewandowski,  R.J., 
Stephens,  W,,  and  Haworth,  L.A.  (Eds.),  The  International 
Society  for  Optical  Engineering.  Bellingham,  WA.,  pp. 
142-153. 

Task,  H,  L.  (1992).  Night  vision  devices  and 
characteristics.  AGARD  Lecture  Series  187:  Visual 
Problems  in  Night  Operations  (pp,  7-1  -  7-8),  Neuilly  Sur 
Seine,  France:  NATO  Advisory  Group  for  Aerospace 
Research  &  Development.  (NTIS  No,  AGARD-LS-187) 

Taylor,  R.M,  (1995).  CC-SART:  The  development  of  an 
experimental  measure  of  cognitive  compatibility  in 
systems  design.  Report  to  TTCP  UTP-7  Human  Factors 
in  Aircraft  Environments ,  Annual  Meeting,  DCIEM, 
Toronto,  Canada,  12-26  June. 

BIOGRAPHIES 

Jeffery  L.  Craig  is  an  Industrial  and  Systems  Engineer 
working  for  the  Air  Force  Research  Laboratory.  A 
graduate  of  Ohio  State  University  in  1982,  Mr.  Craig  has 
been  employed  at  Wright-Patterson  Air  Force  Base  in 
Ohio  since  receiving  his  diploma.  His  current  position  is 
managing  the  Night  Vision  Operations  Program  within  the 
Visual  Display  Systems  Branch.  Early  projects  to  his 
credit  are  NVG  compatible  cockpit  lighting,  NVG  head- 
up  displays  and  NVG  covert  landing  aides.  More  recent 
efforts  have  centered  around  enhanced  NVG  development 
in  particular  the  panoramic  NVG  program, 

Erie  Geiselman  received  a  M.A,  in  Human 
Factors/Experimental  Psychology  from  the  University  of 
Dayton  in  1991.  In  1988  he  received  a  B.S.  in 
Psychology  also  from  the  University  of  Dayton,  Mr. 
Geiselman  is  currently  employed  by  Logicon  Technical 
Services  as  a  Senior  Human  Factors  Engineer  supporting 
the  Air  Force  Research  Laboratory  (AFRL)  Synthesized 
Immersion  Research  Environment  (SIRE),  Wright- 
Patterson  Air  Force  Base,  Ohio,  Mr.  Geiselman  is  a 
commercial  pilot  and  flight  instructor  with  instrument, 
seaplane,  and  glider  ratings. 


373 


THIS  PAGE  IS  INTENTIONALLY  LEFT  BLANK 


374 


night  vision  goggle.  Proceedings  of  the  38th  Annual  Symposium  SAFE  Assertion, 


|  Integrated  Panoramic  Night  Vision  Goggle 

Jeffrey  L.  Craig 

Air  Force  Research  Laboratory 
Human  Effectiveness  Directorate 
2255  H  St. 

Wright-Patterson  AFB  OH  45433-7022 

ABSTRACT 

%Mvrf19t"  thenl,  F°rCl  ReSearch  L°borLatory  (AFRL)  took  delivery  of  the  last  of  twelve  panoramic  night  vision  goggle 

A  10%  7iTrS'i  SyS77Su7n  ^  cdlected  onhoard  a  wiety  of  aircraft  including  the  F-15C,  F-15E,  F-16, 

-10  F-117,  C- 17,  C-5,  C-130,  and  HH-60  aircraft.  Data  will  continue  to  be  collected  on  these  aircraft  as  well  as  other 
platforms  over  the  next  12  months.  In  April  of  2000  a  follow-on  development  effort  was  initiated  entitled  "Integrated 
Panoramic  Night  Vision  Goggle"  (. I-PNVG ).  Lessons  learned  from  the  PNVG  effort  are  being  incorporated  into  the  1  PNVG 
program  wherever  possible.  Specific  objectives  to  be  addressed  under  J-PNVG  effort  are  wide  field-of-view,  integrated  laser 
protection,  fit/ comfort,  image  quality,  integrated  symbology/imagery  display,  field  support,  ejection/crash/ground  egress 
safety,  compatibility  with  existing  systems,  affordability,  supportability,  maintainability,  producibility,  and  reliability.  This 

^NVGdlstgnmmid^aUom1  C°mme”tS  ab°Ut  the  PNVG‘  Provide  further  detail  of  the  I-PNVG  objectives,  and  address  1- 

INTRODUCTION 

pm^3i  B!1fKSDivrV?e  Research  (SBIR)  Phase  II  program  that  ended  in  July  1999  resulted  in  the  delivery  of  seven 
anal  f  five  RNVG  11  P^totype  systems.  The  PNVG  I  version  is  a  low  profile  design  for  ejection  seat  aircraft  with  the 
goal  of  retaining  the  goggle  safely  on  the  head  throughout  the  entire  ejection  sequence. 


Figure  1 :  PNVG  I  in  F-1 5E  (front  cockpit)  Figure  2:  PNVG  I  in  an  F-l  5E  (rear  cockpit) 


The  PNVG  II  approach,  which  looks  more  like  a  traditional  goggle,  attaches  to  any  existing  AN/AVS-6  or  F-4949  mountin'* 
Syf";J",S„WrS10n  WaS  mtended  for  transports,  helicopters,  and  ground  personnel.  Both  PNVG  I  (Figure  1  and  Figure  2) 
,a"d  ™XG  11  (^*gu!!L3)  prov,de  a  100  deSree  horizontal  by  40  degree  vertical  (100°  H  X  40°  V)  intensified  field  of  view 

ffSS  Infc'loio  ,1S  rePresentS/  g'eater  than  160%  increase  of  the  warfighter’s  intensified  image  compared  to  currently 
e  ded40  F-4949  system  (Figure  5  and  Figure  6.).  A  follow-on  advanced  technology  development  program,  I-PNVG,  was 
awarded  m  April  2000  to  optimize  the  wide  FOV  concept  and  address  deficiencies  of  the  SBIR  PNVG  I  and  SBIR  PNVG  II 
systems  identified  during  recent  flight  tests.  Additionally,  the  I-PNVG  will  integrate  (or  have  the  “hooks”  available  to 
integrate)  laser  eye  protection  and  laser  hardening  technologies  as  they  become  mature  enough  for  insertion.  The  I-PNVG 
program  was  awarded  to  Insight  Technology  Incorporated  with  ITT  Night  Vision  as  their  primary  teaming  member.  The 
program  is  managed  by  the  Helmet-Mounted  Sensory  Technologies  Program  Office  within  the  Air  Force  Research 
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Laboratory  at  Wright-Patterson  AFB  OH.  The  Army  has  also  joined  the  team  to  complement  the  Air  Force’s  effort  to  develop 
this  next-generation  night  vision  goggle. 


Figure  3:  PNVG  II  in  C-17  Cockpit 


BACKGROUND 

NVGs  with  FOVs  ranging  from  30  degrees  to  45  degrees  have  been  used  in  military  aviation  for  more  than  20  years.  The 
vast  majority  of  NVGs  (AN/AVS-6  and  F-4949)  provide  a  40  degree  binocular  FOV.  Because  each  ocular  uses  only  a  single 
Image  intensifier  (I2)  tube,  increased  FOV  for  these  NVGs  can  only  be  obtained  at  the  expense  of  resolution.1'2  The  I2  tube 
has  a  fixed  number  of  pixels  (picture  elements).  If  the  pixels  are  spread  over  a  larger  FOV,  the  angular  subtense  per  pixel 
increases  proportionally  thus  reducing  resolution.  An  extensive  survey  of  U.S.  Air  Force  NVG  users  showed  that  increased 
FOV  was  the  most  desired  enhancement  by  aircrew  members.  Resolution  was  a  close  second.3’4  This  was  a  motivating 
factor  for  the  development  of  an  enhanced  NVG  capability.  Previous  studies  suggest  FOV  produces  performance 
advantages:  A  study  using  a  critical  tracking  task  showed  best  performance  at  80  or  100  degrees,  and  an  increase  from  40  to 
80  degrees  greatly  reduced  subjects’  workload.5  Another  study  included  a  series  of  low  altitude  maneuvers  in  Cobra  and 
Lynx  rotorcraft  and  the  results  indicated  100  degree  to  unrestricted  FOV  required  only  moderate  pilot  compensation.  The 
results  also  showed  pilots  flying  with  restricted  FOV  reported  better  flying  performance  than  actually  exhibited. 
Furthermore,  restricted  FOV  inhibited  detection  of  multiple  cues  concurrently,  and  the  small  FOV  required  more  head 
movement  and  a  different  scan  technique  while  large  head  movements  led  to  aircraft  control  difficulty  and  disorientation.6  A 
third  study  had  subjects  visually  acquire  targets,  remember  the  location  of  the  target,  and  monitor  target  threat  status  while 
performing  a  secondary  task.  Error  decreased  as  FOV  increased  until  a  FOV  of  90  degrees  was  reached.  Secondary  task 
performance  increased  as  FOV  inceased.7 


Figure  5:  F-4949  NVG 
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PNVG  COMMENTS 

The  following  comments  have  been  collected  via  post  flight  questionnaires,  PNVG  I  comments  represent  feedback  from  F- 
15C  and  F-15E  aircraft  from  the  422  Test  and  Evaluation  Squadron  at  Nellis  AFB,  Nevada.8  PNVG  II  comments  represent 
C-130  feedback  from  the  50th  and  61st  Airlift  Squadrons  at  Little  Rock  AFB,  Arkansas  and  C-5  feedback  from  the  3rd  and  9th 
Airlift  Squadrons  and  436th  Air  Wing  at  Dover  AFB,  Delaware.9 

Representative  PNVG  I  positive  comments 

“I  did  not  experience  any  eye  strain  or  headaches.”  “A  must  have.”  “A-lO’s  need  these!”  "Closer  to  face,  better  FOV  rather 
obvious!”  “Outer  channels  were  focused  much  better  (20/25).”  “Had  better  situational  awareness  of  my  surroundings.” 
“Easier  to  fly  at  lower  altitudes.”  “Could  spend  more  time  scanning  for  bandits  and  watching  where  my  flight  path  is.”  “Less 
forward  CG  when  looking  through.” 

Representative  PNVG  I  negative  comments 

“Lack  of  adjustability.”  “The  battery  change  out  is  unsat.”  “I  lost  a  battery  down  inside  the  helmet  cover  when  trying  to 
change  out!”  “In  order  to  see  the  HMD  display,  I  had  to  have  the  right  channels  way  over  to  the  left  (toward  the  center  of  my 
face).”  “This  caused  me  to  lose  the  outer  part  of  the  right  outer  channel.”  ‘Need  to  adjust  focus  rings.”  “They  are  too  hard  to 
work  with  gloves  on.”  ‘Need  more  play  in  the  areas  that  we  normally  focus  (infinity).”  “The  "bridge”  that  holds  the  goggle  is 
worn  and  breaks  loose  at  6  g’s  or  greater.”  “Requires  me  to  reach  up  and  snap  it  back  into  place.”  “More  difficult  to  see  inside 
the  cockpit,  especially  under  g*s  ”  “Very  difficult  to  set  up  the  radar  while  in  turn.”  ‘Not  as  crisp.”  “Flimsy  trapeze,  tilt  sags 
under  G.”  “Adjustments  not  user  friendly.”  “Had  to  lower  seat  2  inches  to  get  proper  eye  height  relative  to  HUD.”  “Delicate 
innards  exposed  when  removed  from  helmet  for  stowing.” 

Representative  PNVG  II  positive  comments 

“The  panoramic  vision  greatly  increased  mission  capabilities  by  decreasing  the  amount  of  head  movement  required  for  the 
pilot  to  scan.  This  in  turn  reduced  the  amount  of  work,”  “Overall  very  impressive— much  less  time  scanning,  much  more  time 
spent  looking-situation  awareness  dramatically  increased.”  “PNVGs  definitely  enhance  mission  effectiveness.  The 
peripheral  vision  alone  is  a  dramatic  capability  enhancement.  The  battery  pack  incorporated  into  the  PNVG  is  also  nice,” 
“Panoramic  vision  greatly  increases  SA  and  clearing  ability.” 

Representative  PNVG  II  negative  comments 

“PNVGs  need:  wider  range  of  focus.  Outer  tubes  need  focus  ability,  more  field  of  view  up  and  down  would  be  nice  too.” 
“PNVG  objective  lens  seem  harder  to  adjust  than  4949,  the  knobs  are  hard  to  turn.  Very  heavy  when  stowed,  PNVG  needs 
more  near  focusing  for  close  up  work  (1-2  foot  range).”  “Suggest  better  focus  on  inner  tubes  and  focus  capability  on  outer 
tubes,”  “Also  because  you  need  the  NVGs  close  to  your  eyes  to  eliminate  the  "lines"  it  makes  viewing  cockpit  instruments 
difficult  under  the  PNVGs  compared  to  the  4949s.” 

I-PNVG  OBJECTIVES 

There  are  nine  areas  that  address  the  key  Air  Force  objectives  of  the  I-PNVG  program.10  These  areas  are  discussed  in  the 
following  paragraph  The  first  key  objective  is  wide  FOV '  The  PNVG  I  and  PNVG  II  systems  developed  under  the  SBIR 
program  did  not  perform  trade  studies  to  determine  the  optimal  FOV.  The  I-PNVG  program  will  review  the  literature  and 
conduct  trade  studies  to  develop  an  optimal  FOV  design.  The  system  will  be  required  to  have  an  instantaneous  horizontal 
FOV  >  80  degrees  with  a  binocular  overlap  >  36  degrees,  and  a  instantaneous  vertical  FOV  >  36  degrees.  The  second  key 
objective  is  laser  eye  protection.  Laser  threats  to  military  aircrew  are  real  with  reports  from  foreign  sources  and  the  presence 
of  lasers  are  expected  to  grow  on  the  battlefield.  These  incidents  have  raised  concern  for  the  health  of  aircrew  eyes,  for 
mission  effectiveness,  and  for  flight  safety.  I-PNVG  will  incorporate  LEP  technologies  for  protection  of  the  human  and  the 
goggles.  The  design(s)  will  have  to  accommodate  the  latest  LEP  visor,  LEP  spectacles,  and  light  interference  filters.  The 
third  key  objective  area  is  fit  and  comfort  The  fit  and  comfort  of  the  operator  while  wearing  the  I-PNVG  will  be  examined. 
The  I-PNVG  will  need  to  accommodate  a  diverse  population  of  operators  that  will  be  flying  in  different  mission 
environments  of  varying  mission  duration.  Design  considerations  will  be  weight  and  center  of  gravity  (down  and  stowed 
positions),  ease  of  mechanical  adjustments,  stability  of  die  NVG/helmet  to  accommodate  G  loads  and  rapid  head  movements, 
cockpit  compatibility,  and  adequate  eye  relief.  The  fourth  key  objective  area  is  image  quality .  The  device  needs  to  have 
image  quality  equal  to  or  better  than  NVGs  delivered  under  the  Army  Omni  V  contract.  Attributes  for  satisfying  the 
requirement  that  need  to  be  considered  are  the  expected  visual  acuity  (resolution)  through  the  device  for  quarter  moon  and 
starlight  levels,  signal-to-noise  ratio,  image  tube  halo,  optical  distortion,  optical  image  alignment,  system  modulation  transfer 
function  (MTF  -  on  axis  and  at  edges  of  the  field),  eyepiece  focus,  eye  position  tolerance  and  effects  on  optical  MTF, 
objective  lens  focus,  and  maximum  image  luminance.  If  partial  overlap  of  visual  fields  is  used  to  produce  the  wide  FOV,  the 
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image  discontinuity  tolerances  at  the  overlap  should  be  addressed  including  image  luminance  uniformity,  image 
magnification,  rotation,  distortion,  and  horizontal  and  vertical  off-set.  The  fifth  key  objective  area  is  integrated 
symbology/imagery  display.  The  electronic  interface  needs  to  be  extended  from  the  current  symbology  overlay  technique  to 
include  imagery  insertion  by  using  a  light- valve  or  similar  technology  (could  even  include  turning  image  intensifier  tube  off) 
to  block  the  NVG  image  during  imagery  display  and  single-channel  miniature  camera  record.  The  inclusion  of  a  full-color 
version  of  the  miniature  flat  panel  image  source  will  also  be  considered.  The  I-PNVG  will  provide  the  capability  to 
remove/replace  either  or  both  the  flat  panel  image  source  and  the  miniature  camera  in  the  field.  The  I-PNVG  will  remain 
mission  capable  as  a  separate  functioning  system  with  either  or  both  functions  removed.  The  instantaneous  FOV  provided 
for  the  imagery  insertion  should  be  compatible  with  current  navigation-FLIR  sensors.  Compatibility  with  Joint  Helmet 
Mounted  Cueing  System,  Visually-Coupled  Acquisition  &  Targeting  System,  Air  Warrior,  and  Land  Warrior  will  be 
considered.  Finally,  the  allocation  of  electronics  between  the  I-PNVG  device  and  its  associated  helmet  vehicle  interface 
module  will  be  addressed  with  respect  to  its  impact  on  operational  use  of  the  system.  The  sixth  key  objective  area  is  field 
support.  The  device  should  be  designed  in  order  to  minimize  the  need  for  any  additional  logistic  support  equipment.  This 
means  the  design  will  allow  field-level  performance  testing  utilizing  the  ANV-126  Hoffman  tester  with  little  or  no 
disassembly  of  the  I-PNVG  device  or  major  modification  to  the  tester.  Adjustment  knobs  should  be  useable  while  wearing 
flight  and  chemical/biological  gloves.  The  seventh  key  objective  area  is  ejection/crash/ground  egress  safety  n  Flight  safety 
and  environmental  use  have  to  be  factored  into  the  design.  The  following  areas  need  to  be  examined  in  the  performance  of 
safety  testing:  Mertz  criteria,  Knox  Box,  USAARL  curve,  inertial  properties,  vertical  impact,  helmet  impact,  visor  ballistics, 
helmet  penetration,  rapid  and  explosive  decompression,  ejection  windblast,  quick  disconnect  functionality,  hanging  harness, 
cockpit  compatibility,  electromagnetic  compatibility,  emergency  ground  egress,  and  electrical  shock  analysis.  The  eighth  key 
objective  area  is  compatibility  with  existing  systems.  The  new  system  will  need  to  be  interoperable  with  existing  systems. 
The  items  that  need  to  be  addressed  are  the  helmet,  oxygen  mask,  nuclear/biological/chemical  masks,  Aviator  Night  Vision 
Imaging  System  mount,  survival  vest,  anti  exposure  suit,  torso  harness,  aircrew  spectacles,  back  style  parachutes,  and 
personal  clothing.  The  ninth  and  final  key  objective  area  is  -  ilities.  The  I-PNVG  design  must  optimize  reliability, 
maintainability,  affordability,  producibility  and  supportability.  System  and  system  sub-components  should  be  capable  of 
mass  production  while  consistently  maintaining  pre-established  standards.  A  design  that  requires  only  minimal  maintenance 
is  desirable.  Pre  or  post-flight  checkout  and  maintenance  procedures  should  be  kept  to  a  minimum.  Major  components 
should  be  interchangeable  if  a  two-configuration  approach  is  adopted. 

I-PNVG  PRELIMINARY  DESIGN  CONSIDERATIONS 

A  single  I-PNVG  design  approach  is  preferred  that  would  satisfy  mission  requirements  for  fighters,  bombers,  transports, 
helicopters,  and  ground  personnel.  If  a  two-design  approach  is  deemed  necessary  commonality  of  components  between  the 
designs  is  to  be  emphasized.  A  trade-off  of  the  above  listed  objectives  is  critical  in  order  to  optimize  the  desired  approach(s). 
Some  of  the  specific  parameters  of  interest  for  the  I-PNVG  trade-off  studies  are  total  horizontal  field-of-view,  binocular 
overlap,  resolution/visual  acuity,  eye  relief/lens  focal  length,  weight,  center  of  gravity,  F/Number  (lens  diameter),  exit  pupil, 
image  quality/MTF,  size/form  factor,  adjustments,  manufacturability/maintainability,  and  cost.  The  following  parameters  are 
identified  as  “non-negotiable”:  must  have  same  visual  acuity  as  F-4949,  must  be  compatible  with  standard  flight  spectacles, 
and  must  use  16mm  tubes.  Other  important  issues  that  need  to  be  addressed  are  the  tolerances  at  the  inboard/outboard  seam 
(rotation,  vertical  mismatch,  horizontal  mismatch,  magnification  mismatch,  distortion),  inboard/outboard  mismatch  for  other 
than  infinity  objective  lens  settings,  and  alignment  procedures  for  inboard/outboard  channels.  Initially,  two  approaches  are 
being  considered.  The  first  is  a  low  profile  “periscope-like”  design  (referred  to  as  I-PNVG  1)  targeted  for  ejection  seat 
aircraft  (Figure  7).  This  design  approach  intends  to  permit  the  system  to  be  retained  on  the  head  safely  during  the  ejection 
sequence  and  additionally  provide  post-ejection  evasion  and  rescue  capability  while  on  the  ground.  Each  of  the  identical 
objective  lenses  are  adjustable  for  distance  focusing  and  feature  a  fixed,  fused,  and  tilted  eyepiece  design.  I-PNVG  1  utilizes 
folded  optics  in  each  of  the  four  optical  channels,  fits  underneath  a  standard  Air  Force  visor,  and  attaches  to  the  standard  Air 
Force  HGU-55/P  helmet  via  a  universal  connector.  This  universal  connector  is  hard  mounted  to  the  helmet  and  is  the  same 
mounting  mechanism  approach  used  for  two  daytime  helmet  mounted  display  systems  currently  being  tested  (1)  AFRL’s 
Visually-Coupled  Acquisition  and  Targeting  System  [VCATS]  (an  advanced  technology  demonstration  effort)  and  (2) 
Common  Avionics  System  Program  Office’s  Joint  Helmet  Mounted  Cueing  System  [JHMCS])  (an  engineering  and 
manufacturing  development  program).  A  dummy  universal  connector  will  also  be  fabricated  onto  a  banana  clip-like  mount 
for  non- JHMCS  and  non- VC  ATS  aircraft.  An  enhanced  version  of  I-PNVG  1,  referred  to  as  Strike  Helmet  21,  will  use  the  I- 
PNVG  1  as  its  baseline  but  will  integrate  some  new  technologies  under  development.  These  new  technologies  include  an 
Active-Matrix  Organic  Light  Emitting  Diode  for  symbology  or  video  display  and  an  inertial  head  tracking  system  to  help 
precisely  deliver  high  off-boresight  angle  missiles.  A  CCD  camera  will  also  be  integrated  and  used  for  battle  damage 
assessment  and  training  purposes.  The  second  approach  being  considered  (referred  to  as  I-PNVG  2)  is  a  more  “traditional” 
design  (Figure  8)  for  transports,  helicopters,  and  ground  personnel.  This  approach  utilizes  straight-through  optics,  similar  to 
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AN/AVS-6  and  F-4949,  in  each  of  the  four  optical  channels  and  attaches  to  the  standard  Air  Force  HGU-55/P  or  SPH-4/AF 
helmet  via  an  “ANVIS-like”  mount.  Each  of  the  identical  objective  lenses  (like  I-PNVG  1)  are  adjustable  for  distance 
focusing  and  feature  a  fixed,  fused,  and  tilted  eyepiece  design.  A  trade  study  has  been  initiated  on  whether  it  is  possible  and 
advantageous  to  adapt  aspects  of  this  second  approach  (i.e,  straight-through  optics)  for  the  ejection  seat  aircraft  design  (i.e.  I- 
PNVG  1)  as  well.  There  are  some  likely  advantages  of  a  straight-through  optics  approach  that  would  benefit  I-PNVG  1  such 
as  improved  optical  performance,  easier  alignment  in  manufacturing,  and  commonality  with  the  monocular  used  for  the 
traditional  straight-through  optics  on  I-PNVG  2,  Questions  exist  though  on  the  weight  and  center  of  gravity  of  this 
straight-through  optics  approach  and  whether  it  would  fit  underneath  a  standard  Air  Force  visor.  This  is  where  we  will  look 
to  the  trade  study  results.  This  straight-through  optics  approach,  in  addition  to  being  common  to  both  the  I-PNVG  1  and  the 
I-PNVG  2,  would  also  be  common  to  the  Army’s  design  which  is  being  developed  jointly  under  the  I-PNVG  program.  The 
Army  tracks  their  advanced  technology  demonstration  design  as  the  “Advanced  Night  Vision  Goggle”  (ANVG)  (Figure  9) 
and  manage  it  at  the  Night  Vision  and  Electronic  Sensors  Directorate,  Ft.  Belvoir.  The  commonality  of  approaches  between 
the  services  could  provide  tremendous  synergism.  Weight  and  Space  Models  of  the  I-PNVG  1  are  scheduled  for  delivery  in 
May  2001  and  the  first  operational  deliveries  of  the  I-PNVG  2  are  to  begin  in  August  2001.  I-PNVG  1  and  ANVG  deliveries 
will  follow  shortly  thereafter. 


CONCLUSION 

The  I-PNVG  truly  has  the  potential  to  become  the  next  generation  night  vision  goggle.  Work  continues  towards  finalizing 
the  optical,  mechanical,  and  electronics  design  details  prior  to  the  scheduled  critical  design  review  in  January  2001.  Stereo 
lithography  models  will  be  utilized  extensively  over  the  next  several  months  by  the  designers  and  warfighters  to  explore 
and/or  verify  I-PNVG  design  options.  Weight  and  space  models  will  be  available  in  May  2001  to  enable  safety  of  flight 
testing  to  begin  followed  by  the  first  operational  I-PNVG  deliveries  in  August  2001.  The  Air  Force  is  scheduled  to  receive  a 
total  of  25  I-PNVGs  and  the  Army  is  scheduled  to  receive  a  total  of  5  ANVGs  for  flight  evaluation  purposes. 
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ABSTRACT 

The  Panoramic  Night  Vision  Goggle  (PNVG)  has  begun  operational  test  and  evaluation  with  its  100-degree  horizontal  by 
40-degree  vertical  field  of  view  (FOV)  on  different  aircraft  and  at  different  locations.  Two  configurations  of  the  PNVG  are 
being  evaluated.  The  first  configuration  design  (PNVG  I)  is  very  low  in  profile  and  fits  underneath  a  visor.  PNVG  I  can  be 
retained  by  the  pilot  during  ejection.  This  configuration  is  interchangeable  with  a  day  helmet  mounted  tracker  and  display 
through  a  standard  universal  connector.  The  second  configuration  (PNVG  II)  resembles  the  currently  fielded  40-degree 
circular  FOV  Aviator  Night  Vision  Imaging  System  (AN VIS)  and  is  designed  for  non-ejection  seat  aircraft  and  ground 
applications.  Pilots  completed  subjective  questionnaires  after  each  flight  to  compare  the  capability  of  the  100-degree 
horizontal  by  40-degree  vertical  PNVG  to  the  40-degree  circular  ANVIS  across  different  operational  tasks.  This  paper 
discusses  current  findings  and  pilot  feedback  from  the  flight  trials  Objectives  of  the  next  phase  of  the  PNVG  program  are  also 
discussed. 

Keywords:  Night  Vision  Goggles,  Panoramic  Night  Vision  Goggles,  Helmet-Mounted  Display,  Wide  Field  of  View,  Flight 
Test,  Night  Operations,  and  Image  Intensifiers  Tubes 


1.  INTRODUCTION 

The  Panoramic  Night  Vision  Goggle  (PNVG)  (Figures  1  and  2)  provides  pilots  a  larger  viewing  area  than  current  night 
vision  goggles.  Unlike  previous  attempts  to  increase  field  of  view  (FOV),  comfort,  safety,  and  resolution  have  not  been 
sacrificed. 


Figure  1 :  PNVG  I  in  a  F-15E  Figure  2:  PNVG  II  in  a  C-5 

The  PNVG  approach  uses  four  image  intensifier  (I2)  tubes  that  are  each  60%  smaller  and  lighter  than  conventional  I2 
tubes.  The  Aviator  Night  Vision  Imaging  System  (ANVIS)  uses  two  standard  I2  tubes.  The  key  to  getting  the  I2  tubes  smaller 
and  lighter  was  the  design  of  a  1 6-mm  format  versus  the  standard  18-mm  format  (Figure  3).  The  use  of  four  I2  tubes  provides 
the  PNVG  capability  of  a  100  horizontal  degree  by  40  degrees  vertical  FOV.  The  result  is  an  increase  of  the  viewing  area  by 
160%  versus  current  night  vision  goggles  (NVGs)  (Figures  4  and  5).  Resolution  is  not  compromised  because  the  number  of 
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pixels  per  unit  area  is  not  decreased.  For  PNVG,  the  center  30  degrees  horizontal  by  40  degrees  vertical  is  binocular  with  the_ 
right  35  degrees  visible  only  to  the  right  eye  and  the  left  35  degrees  visible  only  to  the  left  eye.  The  PNVG  has  two  differc^^k 
design  configurations:  PNVG  I  and  PNVG  II. 


Existing  AN/PVS-7  Module  New 

18  mm  Tube  16  mm  Tube 

Figure  3 


Figure  4:  Simulated  PNVG  FOV 


Figure  5:  Simulated  40°  NVG  FOV 


1.1  PNVG  I 

PNVG  I  (Figure  1)  is  a  low-profile  version  that  is  designed  to  be  used  in  ejection  seat  aircraft.  The  system  is  designed  to 
be  retained  throughout  the  ejection  sequence  and  to  be  used  for  escape  and  evasion  versus  the  current  NVGs  that  needs  to  be 
removed  before  ejection  because  of  the  risk  of  injury.  The  PNVG  I  had  lower  windblast  loads  than  the  standard  HGU-55/P.  1 
Figure  6  depicts  the  low-profile  nature  of  PNVG  I  versus  the  standard  NVGs.  The  center  of  gravity  of  the  PNVG  I  is  closer 
to  the  center  of  gravity  of  head  to  make  it  more  comfortable  and  less  fatiguing.  The  PNVG  I  is  interchangeable  with  the 
Visually  Coupled  Acquisition  and  Targeting  System  (VCATS)  module  that  is  used  for  day  missions.  Both  the  PNVG  and 
VCATS  interface  through  the  use  Air  Force  Research  Laboratory’s  (AFRL)  Universal  Connector  (Figure  7)  mounted  on  a 
lightweight  HGU-55/P  helmet. 2  The  system  can  be  powered  via  either  aircraft  power  through  AFRL’s  standardized  helmet 
vehicle  interface  or  the  system  can  be  powered  using  two  “AAA”  alkaline  batteries.  The  PNVG  I  has  demonstrated  the 
capability  to  perform  off-boresight  cueing  using  the  head  tracker  with  the  symbology  overlay. 

1.2  PNVG  II 

• 

The  PNVG  II  (Figure  2)  is  similar  in  design  to  the  ANVIS  goggles.  The  PNVG  II  is  more  rugged  than  PNVG  I  and  will 
probably  be  cheaper  to  produce.  The  PNVG  II  was  designed  for  the  transport,  helicopter,  and  ground  force  community  who 
do  not  require  the  ejection  safe  goggles.  The  goggles  will  attach  to  any  helmet  that  has  an  ANVIS  mounting  bracket.  The 
system  is  powered  by  using  one  “AA”  lithium  battery.  i 
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Figure  6:  PNVG  1  Versus  ANVIS  Profile 


New  Universal  Connector 


Figure  7:  Universal  Connector 


2.0  EVALUATION  METHOD 


Several  operational  utility  evaluation  (OUE)  efforts  have  been  initiated  to  evaluate  PNVG  I  and  PNVG  II.  Laboratory 
experiments  are  also  being  performed  to  address  specific  questions  regarding  performance  and  SA  effects  attributable  to  the 
PNVG  FOV.  The  objective  of  the  OUE  is  to  expose  the  PNVG  to  the  operational  environment  to  investigate  the  impact  the 
technology  has  on  mission  effectiveness  and  survivability.  The  OUE  process  includes  the  development  of  new  tactics  which 
result  from  the  application  of  new  technology.  The  data  presented  here  were  produced  via  questionnaires  completed  by 
operational  test  pilots  who  flew  with  the  PNVG  1  and  PNVG  II  during  evaluation  flights.  The  PNVG  I  data  were  collected  at 
the  422nd  Test  and  Evaluation  Squadron  at  Nellis  AFB,  Nevada.  Data  are  included  from  16  different  F-15E  flights  and  10  F- 
15C  flights.  At  the  date  of  this  writing,  a  total  of  12  pilots  participated  in  the  PNVG  I  evaluation  flights.  Four  of  the  12  pilots 
each  flew  two  different  sorties.  Three  of  the  four  duplication  flights  were  in  F-15C’s.  Both  air-to-air  and  air-to-ground 
missions  were  completed.  Crews  from  50,h  and  61s*  Airlift  Squadrons  flew  with  PNVG  II  during  evaluation  flights  at  Little 
Rock  AFB,  Arkansas.  A  total  of  nine  crewmembers  flew  with  PNVGII  aboard  the  C-130  aircraft.  The  evaluators  included 
six  pilots  and  three  navigators.  The  majority  of  these  missions  were  multi-ship  formation  flights.  Twelve  crewmembers  from 
the  3rd  and  9,h  Airlift  Squadron  and  436"'  Air  Wing  at  Dover  AFB,  Delaware  evaluated  PNVG  II  during  C-5  missions.  The  C- 
5  flights  were  mostly  single  ship  low-level  airdrop  missions.  The  C-5  evaluators  included  six  pilots,  four  navigators,  one 
flight  engineer,  and  one  loadmaster.  AH  of  the  C-130  and  C-5  crewmembers  reported  significant  experience  with 
conventional  F-4949  NVGs.  A  post-flight  questionnaire  was  developed  to  collect  evaluators’  impression  of  PNVG  I  and  II 
across  different  areas  of  interest  during  each  evaluation  flight. 

2.1  Questionnaire  and  rating  scale 

A  rating  scale  was  developed  to  compare  pilots’  experience  with  PNVGs  versus  their  previous  experience  with  F-4949s. 
It  was  not  feasible  to  directly  compare  the  PNVG  (I  and  II)  to  F-4949  on  a  flight  by  flight  basis.  Instead,  the  questionnaire 
instructions  asked  pilots  to  compare  their  recent  experience  with  PNVG  I  or  II  vs.  their  past  experience  with  F-4949s.  All  of 
the  participants  had  significant  flight  experience  with  the  conventional  F-4949  NVGs.  A  rating  methodology  was  developed 
to  allow  the  evaluators  to  quantify  their  comparison  of  the  NVGs.  Table  1  shows  the  rating  scale  developed  for  the 
questionnaire.  Questions  were  formed  for  the  following  categories:  1)  Fit,  Function,  and  Human  Factors,  2)  Cockpit/Cockpit 
Lighting  Compatibility,  3)  Image  Quality,  and  4)  Operational  Employment.  Where  possible,  comparison  ratings  were 
collected.  Where  appropriate,  yes/no  format  questions  were  asked.  Comments  were  solicited  at  the  end  of  each  category 
section  of  the  questionnaire,  A  final  section  of  the  questionnaire  was  dedicated  to  additional  comments  designed  to  collect 
information  about  the  advantages  and  disadvantages  of  the  PNVG, 
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!  RATING  SCALE 

RESPONSE 

■ 

Very  Ineffective 

PNVG  performance  is  significantly  less  than  that  of  the  F-4949  and  significantly  affects 
safety  of  flight  or  detracts  from  successful  task/mission  accomplishment. _ _ 

Ineffective 

PNVG  does  not  perform  as  well  as  the  F-4949  and  detracts  from  task/mission 
accomplishment. 

3 

Same 

PNVG  and  F-4949  performance  does  not  differ. 

4 

Effective 

PNVG  performs  better  than  the  F-4949  and  enhances  task/mission  accomplishment. 

5 

Very  Effective 

PNVG  performance  is  significantly  better  than  the  F-4949  and  significantly  enhances  safety 
of  flight  or  adds  to  successful  task/mission  accomplishment. 

Table  1.  PNVG  questionnaire  rating  scale. 


3.0  RESULTS 


3.1  F-15  PNVG  I  evaluation 

The  following  paragraphs  present  the  questionnaire  data  collected  to  date.  The  information  represents  averages  derived 
across  all  16  sorties.  It  is  indicated  where  feedback  is  specific  to  an  aircraft  type  (F-15C  or  F-15E).  A  statistical  analyses 
(two-tailed  t  tests)  were  performed  to  determine  if  the  recorded  ratings  differed  reliably  from  a  rating  of  3  (a  rating  of  3  would 
indicate  that  PNVG  I  and  F-4949  performance  was  the  same). 


3.1.1  Descriptive  information 

Average  takeoff  time  was  42  minutes  after  local  sunset.  Average  duration  of  the  flight  was  1  hour  32  minutes  (1:32). 
Illumination  conditions  were  described  as  high  for  slightly  more  than  half  the  flights  (62.5%).  Average  moon  presence  was 
68.3%  and  the  observed  weather  was  described  as  clear  for  the  majority  of  the  flights  (91.6%). 


3.1.2  Fit,  function,  and  human  factors  ratings: 

Pilots  found  the  PNVG  I  to  be  easier  to  don  than  the  F-4949  (mean  rating  =  4.25,  p.  <  0.0001).  For  weight  and  center  of 
gravity,  the  operating  comfort  of  the  PNVG  I  was  rated  as  better  than  the  F-4949  (mean  rating  =  3.94,  p.  <  0.005).  In  the 
stowed  position,  ratings  indicated  greater  comfort  compared  to  the  F-4949  (mean  rating  =  3.67,  p.  <  0.05).  Stability  of  the 


PNVG  I  during  head  movements,  G  loading,  and  vibration  was 
rated  as  slightly  better  than  F-4949  (mean  rating  =  3.66,  p.  < 
0.05).  In  some  cases,  the  helmet  was  not  custom  fit  to  the  pilot. 
Questions  concerning  PNVG  I  position  and  focus  adjustability 
indicate  that  this  is  an  area  of  design  criticism.  Both  position 
and  focus  were  rated  as  the  “same”  compared  to  F-4949. 
Peripheral  vision  around  the  PNVG  I  and  the  ability  to  look 
under  the  PNVG  I  to  view  cockpit  instrumentation  was  rated  as 
very  similar  to  F-4949.  The  compatibility  of  the  PNVG  I  with 
the  use  of  a  clear  visor  was  rated  as  better  than  F-4949 
compatibility  (mean  rating  =  3.75,  p.  <  0.05).  For  pilot 
comments,  please  refer  to  Geiselman  and  Craig  (1999). 3 

3.1.3  Cockpit/cockpit  lighting  compatibility 
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Cockpit  clearance  of  the  PNVG  I  was  rated  during  scanning 
behavior.  In  the  operational  position,  clearance  was  rated  better 
with  PNVG  I  than  with  F-4949  (mean  rating  =  3.81,  p.  =  0.01). 
In  stowed  position?  clearance  was  similar  that  of  the  F-4949 
(mean  rating  =  3.31,  p.  =  0.13).  Cockpit  display  compatibility 
for  PNVG  I  was  rated  as  similar  to  F-4949.  This  was  true  also 
for  HUD  and  NVIS  lighting  compatibility.  PNVG  I  was  rated  as 
more  compatible  with  “Christmas  tree”  lighting  (mean  rating  = 
4.14,  p.  =  0.01)  than  the  F-4949. 


Operational  Employment  Tasks 


Figure  8.  PNVG  I  ratings  as  a  function  of  operational 
employment  task 
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3.1.4  Image  Quality 

Overall  PNVG  1  image  quality  was  rated  as  similar  to  F-4949  (mean  rating  =  3.47,  p.  =  0.13).  Similar  findings  were 
recorded  for  a  question  addressing  the  ability  to  distinguish  cultural  (mean  rating  =  3.5,  p.  <  0.05)  and  terrain  features  (mean 
rating  =  3.5,  p.  =  0.1).  PNVG  I  image  brightness  acceptability  was  rated  higher  than  F-4949  (mean  rating  =  3.59,  p.  =  0.007). 
Image  brightness  consistency  across  the  tubes  was  indicated  during  69%  of  the  sorties.  The  acceptability  of  image  noise  for 
PNVG  I  was  rated  to  be  similar  to  F-4949. 

3.1.5  Operational  employment 

Pilots  reported  that  5.5  G’s  could  be  sustained  comfortably  while  using  the  PNVG  I.  The  mavitnnm  reported  G  load 
across  these  test  flights  was  8.0.  Pilots  were  asked  if  the  PNVG  I  ever  inadvertently  came  down  from  the  stowed  position 
during  the  flight.  This  occurred  during  2  of  the  16  flights  (12.5%).  The  pilots  reported  that  overall,  SA  was  enhanced  by  the 
use  of  PNVG  I  compared  to  F-4949  (mean  rating  =  4.2,  p.  <  0.0001).  Figure  8  shows  the  pilots’  mean  ratings  comparing 
PNVG  I  and  F-4949  across  different  tactical  tasks.  An  indicates  statistical  significance  at  the  alpha  <  0.01  level.  PNVG  I 
appears  to  have  been  most  beneficial  during  threat  detection,  formation  and  tactics,  offensive  maneuvering,  defensive 
maneuvering,  and  for  survivability. 

3.1.6  Overall  comparison 

Pilots  were  asked  to  rate  the  suitability  of  the  PNVG  I FOV  compared  to  the  F-4949  FOV.  The  results  indicate  that  the 
pilots  feel  that  the  PNVG  I  FOV  is  very  effective  (mean  rating  =  4.66,  p.  <  0.00001).  When  asked  to  make  an  overall 
preference  comparison  of  the  PNVG  I  vs.  F-4949, 15  of  the  16  responses  indicate  a  preference  for  PNVG  I  (93.33%). 

3.1.7  Representative  PNVG  I  positive  comments 

*7  did  not  experience  any  eye  strain  or  headaches. "  "A  must  have. "  "A-10's  need  these!"  " Closer  to  face,  better  FOV 
rather  obvious!"  "Outer  channels  were  focused  much  better  (20/25)."  "Had  better  SA  awareness  of  my  surroundings. " 
"Easier  to  fly  at  lower  altitudes. "  "Could  spend  more  time  scanning  for  bandits  and  watching  where  my  flight  path  is. " 
"Less  forward  CG  when  looking  through. " 

3.1.8  Representative  PNVG  I  negative  comments 

“Lack  of  adjustability. "  "The  battery  change  out  is  unsat. "  "l  lost  a  battery  down  inside  the  helmet  cover  when  trying  to 
change  out!"  "In  order  to  see  the  HMD  display,  /  had  to  have  the  right  channels  way  over  to  the  left  (toward  the  center  of 
my  face). "  "This  caused  me  to  lose  the  outer  part  of  the  right  outer  channel. "  "Need  to  adjust  focus  rings. "  "They  are  too 
hard  to  work  with  gloves  on.  “  "Need  more  play  in  the  areas  that  we  normally  focus  (infinity). "  "The  "bridge"  that  holds  the 
goggle  is  worn  and  breaks  loose  at  6  g's  or  greater. "  "Requires  me  to  reach  up  and  snap  it  back  into  place. "  "More  difficult 
to  see  inside  the  cockpit,  especially  under  g's.  ”  “Very  difficult  to  set  up  the  radar  while  in  turn. "  "Not  as  crisp. "  “Flimsy 
trapeze,  tilt  sags  under  G. "  "Adjustments  not  user  friendly. "  “Had  to  lower  seat  2  inches  to  get  proper  eye  height  relative  to 
HUD. "  "Delicate  innards  exposed  when  removed  from  helmet  for  stowing.  ” 

3.2  C-5  /  C-130  PNVG  II  evaluation 

The  following  paragraphs  present  the  questionnaire  data  collected  to  date.  The  information  represents  averages  derived 
across  all  survey  21  respondents.  It  is  indicated  where  feedback  is  specific  to  an  aircraft  type  (C-5  or  C-130).  Statistical 
analyses  (two-tailed  t  tests)  were  performed  to  determine  if  the  recorded  ratings  differed  reliably  from  a  rating  of  3  (a  rating  of 
3  indicates  that  PNVG  II  and  F-4949  performance  was  the  same). 

3.2.1  Descriptive  information 

Average  duration  of  PNVG  II  experience  during  the  C-130  and  C-5  flights  were  1.1  hours.  Illumination  conditions  were 
described  as  low  for  all  (25%  moon  or  less)  of  the  flights.  Observed  weather  was  described  as  clear  for  all  of  the  flights. 
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3.2.2  Fit,  function,  and  human  factors  ratings 


Pilots  found  the  PNVG  II  to  be  significantly  less  fatiguing  compared  to  F-4949  (mean  rating  =  3.42,  p.  <  0.05).  The 
ability  to  adjust  PNVG  II  was  rated  as  significantly  worse  compared  to  F-4949  (mean  rating  =  2.10,  p.  -  0.001).  None  of  the 
other  fit,  function,  and  human  factors  ratings  for  PNVG  II  differed  significantly  from  the  same  as  F-4949.  These  questions 
included  the  ability  to  adjust  the  PNVG  II  with  gloved  hand:  up/down,  in/out,  or  diopter  setting.  Ease  to  don  and  doff  PNVG 
II  was  rated  as  similar  to  F-4949.  Also  the  same  were  overall  comfort,  comfort  in  die  operational  and  stowed  position,  neck 
strain,  helmet  fit,  compatibility  with  eyewear,  stability  under  G,  weight,  balance,  hot  spots,  integration  with  life  support 
equipment,  and  the  ability  to  detect  the  “battery  weak”  indicator. 


3.2.3  Cockpit/cockpit  lighting  compatibility 

For  the  questions  asked,  PNVG  II  and  F-4949  were  not  rated  as  differing.  The  questions  addressed  the  view  below  the 
PNVG  II  (to  see  controls  and  displays),  the  use  of  lapboards/notes/flight  cards,  and  compatibility  with  cockpit  lighting. 

3.2.4  Image  quality 


Image  quality  of  PNVG  II  was  rated  as  greater  than  that  of  F-4949  (mean  rating  =  3.55,  p.  <  0.05).  Field  of  view  through 
PNVG  II  was  rated  as  significantly  greater  than  F-4949  (mean  rating  =  4.5,  p.  <  0.0001).  The  following  ratings  also  indicated 
a  preference  for  PNVG  II:  Response  to  cultural  lighting  (mean  rating  =  3.79,  p.  =  0.001),  lack  of  blooming  (mean  rating  = 
3.65,  p.  =  0.011),  lack  of  fogging  (mean  rating  =  3.56,  p.  -  0.007),  acceptability  of  image  brightness  (mean  rating  =  3.62,  p. 
0.004),  acceptability  of  noise  level  (mean  rating  =  3.68,  p.  =  0.002),  performance  at  low  (moon  <  25%)  light  levels  (mean 
rating  =  3.65,  p.  <  0.05),  and  performance  when  viewing  cultural  lighting  (mean  rating  =  3.63,  p.  =  0.01).  For  the  following, 
PNVG  II  performance  was  rated  as  no  different  than  F-4949:  Freedom  from  visual  obstructions,  near  focus  visual 
accommodation,  far  focus  accommodation,  and  performance  at  high  (moon  >  25%)  light  levels. 

3.2.5  Operational  employment 


The  participants  reported  that  overall,  SA  was  enhanced  by  the  use  of  PNVG  II  compared  to  F-4949  (mean  rating  -4.1, 
p.  <  0.0001).  Figure  9  shows  the  mean  ratings  comparing  PNVG  II  and  F-4949  across  different  operational  tasks.  An 
indicates  statistical  significance  at  alpha  at  least  less  than  0.01  level.  PNVG  II  appears  to  have  been  most  beneficial  during 
threat  detection,  formation  holding,  and  area  clearing. 


3.2.6  Overall  comparison 


Pilots  were  asked  to  rate  the  overall  acceptability  and  desirability 
of  the  PNVG  II  system  compared  to  the  F-4949  NVG.  The  results 
indicate  a  strong  preference  for  PNVG  II  (mean  rating  =  3.95,  p.  < 
0.0001).  Similarly,  pilots  were  asked  to  rate  the  overall  mission  and 
task  performance  benefit  of  the  PNVG  II  compared  to  the  F-4949. 
Again,  the  PNVG  II  system  was  rated  as  most  beneficial  (mean  rating 
=  4.0,  p.<  0.0001). 


3.2.7  Representative  PNVG  II  positive  comments 

“The  panoramic  vision  greatly  increased  mission  capabilities  by 
decreasing  the  amount  of  head  movement  required  for  the  pilot  to 
scan.  This  in  turn  reduced  the  amount  of  work. "  “Overall  very 
impressive— much  less  time  scanning .  much  more  time  spent  looking- 
situation  awareness  dramatically  increased.  '*  “PNVGs  definitely 
enhance  mission  effectiveness.  The  peripheral  vision  alone  is  a 
dramatic  capability  enhancement.  The  batteiy  pack  incorporated  into 
the  PNVG  is  also  nice.  ’’  “Panoramic  vision  greatly  increases  SA  and 
clearing  ability. " 


. . . J 


Figure  9.  PNVG  II  ratings  as  a  function  of 
operational  employment  task 
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3,2.8  Representative  PNVG II  negative  comments 


"PNVGs  need:  wider  range  of  focus.  Outer  tubes  need  focus  ability,  more  field  of  view  up  and  down  would  be  nice  too.  ” 
"PNVG  objective  lens  seem  harder  to  adjust  than  4949,  the  knobs  are  hard  to  turn.  Very  heavy  when  stowed.  PNVG  needs 
more  near  focusing  for  close  up  work  (1-2  foot  range).  ”  "Suggest  better  focus  on  inner  tubes  and  focus  capability  on  outer 
tubes.  ”  "Also  because  you  need  the  NVGs  close  to  your  eyes  to  eliminate  the  "lines"  it  makes  viewing  cockpit  instruments 
difficult  under  the  PNVGs  compared  to  the  4949s. " 

4.  OBJECTIVES  FOR  NEXT  PHASE  OF  PNVG 

The  PNVG  program  is  scheduled  to  complete  source  selection  for  the  next  phase  in  April  2000  to  optimize  the  wide  FOV 
concept  and  correct  deficiencies  identified  in  the  current  round  of  flight  test.  In  addition,  the  Army  has  joined  the  team  to 
complement  the  Air  Force  s  effort  to  develop  the  next-generation  PNVG.  The  preferred  approach  would  be  to  develop  one 
design  to  satisfy  the  mission  requirements  versus  the  current  two-configuration  approach.  The  next  few  paragraphs  will 
summarize  some  of  the  key  objectives  of  the  next  PNVG  effort. 4' 

4.1  Wide  Field-of-View 

The  current  PNVGs  were  developed  under  the  Small  Business  Innovative  Research  (SBIR)  program  that  program  did  not 
perform  trade  studies  to  determine  the  optimal  FOV.  This  next  phase  will  review  the  literature  and  conduct  trade  studies  to 
develop  an  optimal  FOV  design.  The  system  will  be  required  to  have  an  instantaneous  horizontal  FOV  >  SO  degrees  with  a 
binocular  overlap  >  36  degrees,  and  a  instantaneous  vertical  FOV  >  36  degrees. 

4.2  Laser  Eye  Protection  (LEP) 

Laser  threats  to  military  aiiciew  are  real  with  reports  from  foreign  sources  and  the  presence  lasers  are  expected  to  grow 
on  the  battlefield.  These  incidents  have  raised  concern  for  the  health  of  aircrew  eyes,  for  mission  effectiveness,  and  for  flight 
safety.  This  new  contract  will  incorporate  LEP  technologies  for  protection  of  the  human  and  the  goggles.  The  designs  will 
have  to  accommodate  the  latest  LEP  visor,  spectacles,  and  light  interference  filters.  Laser  hardening  of  the  image  intensifier 
tube  should  be  incorporated. 

4.3  Fit/Comfort 

The  fit  and  comfort  to  the  operator  while  wearing  the  PNVG  will  be  examined.  The  PNVG  will  need  to  accommodate  a 
diverse  population  of  operators  that  will  be  flying  in  different  mission  environments  with  varying  mission  durations.  Some  of 
different  items  that  will  be  considered  in  the  design  are  weight  and  center  of  gravity  (down  and  stowed  positions),  ease  of 
mechanical  adjustments,  stability  of  the  NVG/helmet  to  accommodate  G  loads  and  rapid  head  movements,  cockpit 
compatibility,  and  adequate  eye  relief. 

4.4  Image  Quality 

The  device  needs  to  have  image  quality  equal  to  or  better  than  NVGs  delivered  under  the  Army  Omni  V  contract 
Attributes  for  satisfying  the  requirement  that  need  to  be  considered  are  the  expected  visual  acuity  (resolution)  through  the 
device  for  quarter  moon  and  starlight  light  levels,  signal-to-noise  ratio,  image  tube  halo,  optical  distortion,  optical  image 
alignment,  system  modulation  transfer  function  (MTF  -  on  axis  and  at  edges  of  the  field),  eyepiece  focus,  eye  position 
tolerance  and  effects  on  optical  MTF,  objective  lens  focus,  and  maximum  image  luminance.  If  partial  overlap  of  visual  fields 
is  used  to  produce  the  wide  FOV,  the  image  discontinuity  tolerances  at  the  overlap  should  be  addressed  including  image 
luminance  uniformity,  image  magnification,  rotation,  distortion,  and  horizontal  and  vertical  off-set. 

* 

4.5  Integrated  Symbology/Imagery  Display 

The  electronic  interface  needs  to  be  extended  from  the  current  symbology  overlay  technique  to  include  imagery  insertion 
by  using  a  hght-valve  or  similar  technology  to  block  the  NVG  image  during  imagery  display  and  single-channel  miniature 
camera  record.  The  inclusion  of  a  full-color  version  of  the  miniature  flat  panel  image  source  will  also  be  considered.  The 
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PNVG  will  provide  the  capability  to  reniove/replace  either  or  both  the  flat  panel  image  source  and  the  miniature  camera  in  the 
field.  The  PNVG  will  remain  mission  capable  as  a  separate  functioning  system  with  either  or  both  functions  removed.  The 
instantaneous  FOV  provided  for  the  imagery  insertion  should  be  compatible  with  current  navigation-FLIR  sensors. 
Compatibility  with  Joint  Helmet  Mounted  Cueing  System  (JHMCS),  VCATS,  Air  Warrior,  and  Land  Warrior  will  be 
considered.  Finally,  the  allocation  of  electronics  between  the  PNVG  device  and  its  associated  helmet  vehicle  interface 
module  will  be  addressed  with  respect  to  its  impact  on  operational  use  of  the  system. 

4.6  Field  Support 

The  device  should  be  designed  in  order  to  minimize  the  need  for  any  additional  logistic  support  equipment.  This  means 
the  design  will  allow  field-level  performance  testing  utilizing  the  ANV-126  Hoffman  tester  with  little  or  no  disassembly  of  the 
PNVG  device  or  major  modification  to  the  tester.  Adjustment  knobs  should  be  useable  while  wearing  flight  and 
chemical/biological  gloves. 

4.7  Ejection/Crash/Ground  Egress  Safety 

Flight  safety  and  environmental  use  have  to  be  factored  into  the  design.  The  following  areas  need  to  be  examined  in  the 
performing  of  safety  testing:  Mertz  criteria,  Knox  Box,  USAARL  curve,  inertial  properties  testing,  vertical  impact  testing, 
helmet  impact  testing,  visor  ballistics  testing,  helmet  penetration  testing,  rapid  and  explosive  decompression  testing,  ejection 
windblast  testing,  quick  disconnect  functionality,  hanging  harness  testing,  cockpit  compatibility  testing,  electromagnetic 
compatibility  testing,  emergency  ground  egress  testing,  and  electrical  shock  analysis. 

4.8  Compatible  with  Existing  Systems 

The  new  system  will  need  to  be  interoperable  with  existing  systems.  The  items  that  need  to  be  addressed  are  the  helmet, 
oxygen  mask,  nuclear/biological/chemical  masks,  Aviator  Night  Vision  Imaging  System  mount,  survival  vest,  anti  exposure 
suit,  torso  harness,  aircrew  spectacles,  back  style  parachutes,  and  personal  clothing. 

4.9  -Ilities 

The  PNVG  design  must  optimize  reliability,  maintainability,  affordability,  producibility  and  supportability.  System  and 
System  sub-components  should  be  capable  of  mass  production  while  consistently  maintaining  pre-established  standards.  A 
design  that  requires  only  minimal  maintenance  is  desirable.  Pre  or  post-flight  checkout  and  maintenance  procedures  should 
be  kept  to  a  minimum.  Major  components  should  be  interchangeable  if  a  two-configuration  approach  is  adopted. 

5.  CONCLUSION 

The  PNVG  feedback  has  been  very  positive  and  indicates  that  a  100-degree  FOV  significantly  improves  pilot 
performance  across  different  operational  tasks  compared  to  the  40-degree  F-4949.  The  significant  increase  in  intensified  FOV 
not  only  enhances  mission  effectiveness,  but  also  gets  us  even  closer  to  our  goal  of  being  able  to  do  daytime-like  tactics  at 
night.  This  pilot  feedback  is  not  complete  though.  Additional  flights  on  F-15s  as  well  as  other  aircraft  are  planned  and  will 
be  used  for  further  evaluation.  Suggested  areas  for  PNVG  improvements  will  be  addressed  in  an  upcoming  follow-on 
advanced  technology  demonstration  program. 
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ABSTRACT 

A  novel  approach  to  significantly  increasing  the  field  of  view  (FOV)  of  night  vision  goggles  (NVGs)  has  been  developed. 
This  approach  uses  four  image  intensifier  tubes  instead  of  the  usual  two  to  produce  a  100  degree  wide  FOV.  A  conceptual 
demonstrator  device  was  fabricated  in  November  1995  and  limited  flight  evaluations  were  performed.  Further  development 
of  this  approach  continues  with  eleven  advanced  technology  demonstrators  delivered  in  March  1999  that  feature  five  different 
design  configurations.  Some  of  the  units  will  be  earmarked  for  ejection  seat  equipped  aircraft  due  to  their  low  profile  design 
allowing  the  goggle  to  be  retained  safely  during  and  after  ejection.  Other  deliverables  will  be  more  traditional  in  design 
approach  and  lends  itself  to  transport  and  helicopter  aircraft  as  well  as  ground  personnel.  Extensive  safety-of-flight  testing 
has  been  accomplished  as  a  precursor  to  the  F-I5C  operational  utility  evaluation  flight  testing  at  Nellis  AFB  that  began  in 
March  1999. 

Keywords:  Night  vision  goggle,  helmet-mounted  display,  image  intensification,  field  of  view,  night  operations,  head-up 
display,  safety-of-flight,  flight  safety,  windblast  testing,  aircraft  ejection 

1.  INTRODUCTION 

Delivery  of  the  conceptual  demonstrator  device,  now  referred  to  as  the  panoramic  night  vision  goggle  (PNVG),  was  quite 
impressive  considering  it  was  developed  with  very  limited  funding  under  a  phase  I  small  business  innovative  research 
(SBJR)  program  with  Night  Vision  Corporation.  The  extremely  positive  feedback  of  this  demonstrator  from  the  warfighter 
community  propelled  the  program  into  a  phase  11  SB1R  effort  and  also  received  the  attention  and  supplemental  funding 
support  of  the  Air  Force  Research  Laboratory’s  Helmet-Mounted  Sensory  Technologies  program  office.  Phase  II  will  further 
develop  the  PNVG  by  first  addressing  ejection  seat  aircraft  with  two  configurations  of  a  low  profile  design  (designated 
PNVG  I,  Figure  1).  This  version  with  its  better  center  of  gravity  should  be  less  fatiguing  during  longer  flights  and  will 
potentially  allow  for  ejection  by  permitting  retention  of  the  system  on  the  head  throughout  the  ejection  sequence.  Retention 
of  PNVG  I  may  also  permit  evasion  and  rescue.  Additionally,  three  configurations  of  a  never-before-seen  NVG  for 
transports,  helicopters,  and  ground  personnel  (designated  PNVG  11)  are  being  developed.  These  models  will  look  more  like  a 
traditional  goggle.  PNVG  II,  while  weighing  more  than  a  PNVG  I,  should  be  more  robust  and  will  attach  to  any  existing 
ANVIS  mounting  system.  Both  PNVG  I  and  II,  like  the  phase  I  conceptual  demonstrator,  will  provide  a  100  degree 
horizontal  by  40  degree  vertical  (100°  H  X  40°  V)  intensified  field  of  view  (FOV)  (Figure  2a).  This  represents  a  160% 
increase  of  the  warfighter’s  intensified  image  FOV  compared  to  currently  fielded  40°  circular  FOV  systems. 
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Figure  1 .  PXVG  I,  low  profile  design  (Patent  #  5,41 6,3 1 5,  Other  patents  pending) 


Figure  2a.  Simulated  PNVG  100°H  x  40°V  FOV  Figure  2b.  Simulated  40°  AN/AVS-6  and  AN/AVS-9  FOV 


2.  BACKGROUND 

NVGs  with  FOVs  ranging  from  30°  (GEC-Marconi  Avionics’  Cat’s  Eyes  NVGs)  to  45°  (GEC-Marconi  Avionics’  NITE-OP 
and  NITE-Bird  NVGs)  have  been  used  in  military  aviation  for  more  than  20  years.  The  vast  majority  of  NVGs  (AN/AVS-6 
and  AN/AVS-9)  provide  a  40°  FOV  (Figure  2b).  Because  each  ocular  uses  only  a  single  image  intensifier  tube,  increased 
FOV  for  these  NVGs  can  only  be  obtained  at  the  expense  of  resolution. 1,2  The  image  intensifier  tube  has  a  fixed  number  of 
pixels  (picture  elements).  Therefore,  if  the  pixels  are  spread  over  a  larger  FOV,  the  angular  subtense  per  pixel  increases 
proportionally.  As  a  result,  resolution  is  reduced. 


An  extensive  survey  of  military  (U.S.  Air  Force)  NVG  users  conducted  during  1992  and  1993  revealed  that  increased  FOV 
was  the  number  one  enhancement  most  desired  by  aircrew  members  followed  closely  by  resolution.3  This  was  a  major 
motivating  factor  for  the  development  of  an  enhanced  NVG  capability. 


3.  PNVG I  DESCRIPTION 


PNVG I  (Figure  1)  is  similar  in  design  approach  to  the  conceptual  demonstrator  PNVG.  However,  PNVG  I  has  optimized  the 
overall  design  and  added  several  enhancements.  PNVG  I  still  features  a  partial  overlap  (100°  H  X  approximately  40°  V) 
intensified  FOV.  The  central  30°  H  X  40°  V  FOV  remains  completely  binocular  while  the  right  35°  is  visible  only  to  the  right 
eye  and  the  left  35°  is  visible  only  to  the  left  eye.  Additionally,  a  thin  demarcation  line  separates  the  binocular  image  from  the 
monocular  peripheral  image. 

PNVG  I  features  a  newly  developed  16-mm  image  intensifier  tube  rather  than  the  currently  fielded  18-mm  format  tube. 

Along  with  the  goal  of  offering  comparable  performance  to  the  recent  Omni  IV  tubes,  its  weight  will  be  reduced  by  nearly 
50%.  Therefore,  four  16-mm  PNVG  tubes  weigh  about  the  same  as  two  of  the  current  18-mm  tubes.  The  16-mm  tubes  have 
longer  fiber  optics  on  the  outside  optical  channel  than  the  inner  optical  channel.  The  outer  and  inner  channel  fiber  optics  do 
not  require  image-inverting  fiber  optics.  Dual  fixed  eyepieces  (tilted  and  fused)  and  four  objective  lenses  (the  inner  two 
adjustable  and  the  outer  two  fixed)  make  up  part  of  the  folded  optical  approach.  The  inner  optical  channels  include  very  fast 
F/1.17  objective  lenses  as  compared  with  the  F/1,25  objective  lenses  of  the  currently  fielded  AN/AVS-6  and  AN/AVS-9 
goggles.  The  outboard  channels,  due  to  size  and  weight  constraints,  incorporate  F/1.30  objective  lenses.  All  of  the  objective 
lenses  will  incorporate  Class  B,  leaky  green  filters  for  compatibility  with  color  cockpits  and  aircraft  head-up  displays. 
Eyepiece  effective  focal  length  is  24  mm  while  the  physical  eye  clearance  has  been  designed  for  20  mm. 

A  specially  designed  single  left  side  and  single  right  side  power  supply  is  remotely  located  but  allows  each  side’s  inner  and 
outer  optical  channels  to  be  controlled  independently.  Multiple  adjustments  (i.e.  tilt,  independent  inter-pupilary  distance, 
up/down,  and  fore/aft)  should  permit  an  optimized  optical  fitting.  Customized  visors  will  also  be  incorporated  cockpit 
compatibility,  mechanical  stability,  and  escape  protection.  Individualized  holes  will  be  cut  for  the  objective  lenses  to 
protrude.  Also,  a  unique  latching  mechanism  affords  one-handed  don/doff  capability.  A  new  linkage  system  enables  the 
PNVG  I  to  easily  transition  into  a  stow  position  (Figure  3). 


Figure  3.  PNVG  I,  stow  position  (Patent  #  5,416,315,  other  patents  pending) 


Power  on  certain  aircraft  test  platforms  is  provided  to  the  PNVG  system  by  the  aircraft  itself.  In  the  event  of  an  ejection,  two 
“AAA”  alkaline  batteries  located  in  the  remote  electronics  module  (REM)  provide  power  during  the  escape  sequence, 
evasion,  and  rescue.  These  batteries  provide  up  to  16  hours  of  operation.  Due  to  funding  constraints,  PNVG  I  is  currently 
designed  to  attach  with  only  the  Air  Force’s  HGU-55/P  helmet. 

Two  configurations  of  the  PNVG  I  will  be  built.  PNVG  I-Configuration  1,  will  have  four  deliverables.  The  PNVG  REM  will 
attach  to  a  unique  “universal  connector”,  the  same  connector  used  with  the  Visually  Coupled  Acquisition  and  Targeting 
System  (VCATS)  daytime  helmet  module.  VCATS  is  currently  being  evaluated  on  F-15C  aircraft  as  part  of  an  advanced 
technology  demonstration  (ATD)  at  the  422nd  Test  and  Evaluation  Squadron  (422  TES)  at  Nellis  AFB.  The  universal 
connector  provides  aircraft  data  and  power  to  the  PNVG.  This  configuration  also  features  a  640x480  active  matrix 
electroluminescent  display  (AMEL)  for  symbology  overlay,  a  magnetic  head-tracker,  class  B  “leaky  green”  objective  lens 
filter,  and  an  electronics  package.  PNVG  I-Configuration  2,  a  stripped  down  version  of  Configuration  1,  will  have  two 
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Figure  4.  PNVG  II  (Patent  #  5,416,315,  other  patents  pending) 

deliverables.  Configuration  2  does  not  include  an  AMEL  display,  magnetic  head-tracker,  or  electronics  package.  Since  the 
majority  of  the  HGU-55/P  helmets  are  not  equipped  with  the  VC  ATS  universal  connector,  a  special  banana  clip  mount  has 
been  designed  that  will  accept  the  PNVG  module  on  any  HGU-55/P  helmet.  Because  there  is  no  aircraft  power  being 
provided  through  a  universal  connector  for  configuration  2,  system  power  will  be  supplied  by  the  two  “AAA”  alkaline 
batteries  located  in  the  REM. 


4.  PNVG  II  DESCRIPTION 

An  alternative  approach  to  PNVG  I  has  been  developed.  The  partial  overlap  100°  H  X  40°  V  intensified  FOV  is  maintained, 
but  the  system  resembles  the  currently  fielded  aviator  NVGs.4  Whereas  PNVG  I  mates  to  only  the  HGU-55/P  helmet,  PNVG 
II  (figure  4)  is  compatible  with  any  helmet  that  incorporates  the  standard  ANVIS  mounting  bracket.  This  will  allow  any 
warfighter  to  assess  the  utility  of  a  panoramic  night  vision  scene  given  they  have  the  proper  bracket.  If  testing  proves  that  the 
panoramic  scene  is  required  but  the  PNVG  I  approach  is  preferred,  a  development  effort  will  have  to  address  the  specific 
design  issues  necessary  to  mate  it  with  a  particular  helmet  type. 

Similar  to  the  PNVG  I,  the  central  30°  H  X  40°  V  FOV  is  completely  binocular  while  the  right  35°  is  visible  only  to  the  right 
eye  and  the  left  35°  is  visible  only  to  the  left  eye.  Additionally,  like  PNVG  I,  a  thin  demarcation  line  separates  the  binocular 
image  from  the  outside  monocular  image.  PNVG  II  utilizes  the  newly  developed  16-mm  image  intensifier  tube  but  requires 
image  inverting  fiber  optics  (the  outer  channel  fiber  optics  are  the  same  length  as  the  inner  channel).  Dual  fixed  eyepieces, 
tilted  and  fused  together,  and  four  objective  lenses  (the  inner  two  adjustable  and  the  outer  two  fixed)  remain  part  of  the  optical 
approach.  The  non-folded  inner  optical  channels  are  designed  with  extremely  fast  F/1.05  objective  lenses.  The  folded 
outboard  channels  use  the  PNVG  I  inner  channel  optics  with  P/1.17  objective  lenses.  Eyepiece  effective  focal  length  is 
24  mm  while  the  physical  eye  clearance  has  been  significantly  increased  to  27  mm.  All  of  the  mechanical  adjustments 
currently  available  on  the  AN/AVS-6  and  AN/AVS-9  remain  (i.e.  tilt,  independent  inter-pupilary  distance  adjustment, 
up/down,  fore/aft).  Power  for  the  PNVG  II  will  be  provided  via  the  batteries  that  are  currently  integrated  with  the  AN/AVS-6 
and  AN/AVS-9  mounting  systems.  Therefore,  no  special  power  provisions  are  necessary. 

Three  configurations  of  PNVG  II  will  be  built.  PNVG  II-Configuration  3  will  have  only  one  deliverable  but  will  feature  a 
640x480  AMEL  display.  Additionally  it  will  have  a  Class  B,  leaky  green  filter  incorporated  into  the  objective  lens.  PNVG 
II-Configuration  4  will  have  three  deliverables  but  will  not  include  the  AMEL  display.  One  of  the  three  will  use  the  Class  B 
“leaky  green”  filter,  while  the  remaining  two  will  use  a  Class  A  filter.  The  final  deliverable,  PNVG  II-Configuration  5,  is 
intended  for  ground  applications  and  will  be  integrated  to  a  special  hand-held  “PIRATE”  mounting  system  including  its  own 
batteries  and  a  single  infrared  diode.  This  configuration  will  not  include  an  AMEL  display  and  the  objective  lens  will  be 
unfiltered  (i.e.  no  class  A  or  B  filters). 
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5.  SAFETY-OF-FLIGHT-TESTING  AND  ANALYSIS 


5.1  Overview 

Safety-of-flight  testing  and  analysis  for  advanced  fighter  helmets  involves  many  different  test  and  analysis  areas.  The  AFRL 
team  investigated  seventeen  of  these  areas  for  PNVG  I-configuration  1,  which  began  OUE  flight  testing  on  F-15C  aircraft  in 
March  1999.  See  Table  1  for  a  summarized  listing  of  the  areas.  The  following  sections  detail  the  outcome  of  these  test  and 
analysis.  A  System  Safety  Executive  Board  (SSEB)  was  convened  at  Wright-Patterson  AFB,  Ohio  on  6  January  1999  to 
evaluate  the  results.  The  SSEB  gave  its  approval  for  limited  flight  testing  of  the  PNVG  I  at  Nellis  AFB,  Nevada  on  the  F-15C 
fighter.  Then,  a  flight  readiness  review  was  convened  at  Nellis  AFB  in  late  January  1999  to  brief  the  details  to  the  flight 
safety  officer,  who  makes  the  ultimate  decision  to  fly  the  new  advanced  NVG  helmet  system. 

For  more  detail  on  safety-of-flight  testing,  there  are  several  SPIE  papers  that  contain  useful  information.  A  paper  by 
MacMillan,  Brown,  and  Wiley  describes  the  process  in  detail  for  performing  safety-of-flight  testing  for  advanced  fighter 
helmets.5  Another  paper  by  Wiley,  Brown,  and  MacMillan  provides  details  on  safety  during  ejection.6  Lastly,  a  paper  by 
MacMillan  discusses  the  complications  behind  determining  neck  loading  experienced  during  ejection,  with  particular 
emphasis  on  the  combination  of  windblast  and  catapult  forces.7 


Table  1.  Summary  of  PNVG  safety-of-flight  testing  and  analysis 


Inertial  Properties  Testing 

Weight,  center  of  gravity,  and  static  torque  effects  on  neck  loading 

Vertical  Impact  Testing 

Effects  of  catapult  phase  of  ejection  on  neck  and  shoulder  loading 

Helmet  Impact  Testing 

Protection  provided  by  helmet  shell  and  liner  against  high  G  impacts 

Visor  Ballistics  Testing 

Protection  provided  by  helmet  visor  against  small  proiectiles  traveling  up  to  550  fps 

Helmet  Penetration  Testing 

Protection  provided  by  helmet  shell  and  liner  against  penetrations 

Rapid  and  Explosive 
Decompression  Testing 

Performance  of  the  PNVG  in  a  rapidly  changing  atmosphere  and  an  explosively  changing 
atmosphere,  such  as  canopy  jettison  during  ejection 

Ejection  Windblast  Testing 

Effects  of  windblast  phase  of  ejection  on  neck  loading,  contact  of  the  PNVG  with  the  eyes, 
structural  integrity  of  the  PNVG,  and  proper  functioning  of  ACES  II  oitot  tubes 

Quick  Disconnect  Functionality 

Effect  of  cable  tether  on  safe  separation  from  the  aircraft  during  ejection 

Comfort 

General  comfort  and  fit  with  no  hot  spots  during  prolonged  wear  of  PNVG  svstem 

Communications  and  Sound 
Attenuation 

Ability  to  communicate  effectively  and  have  external  sound  attenuated  to  appropriate  safe  levels 

Hanging  Harness  Testing 

Investigates  possible  interference  with  risers  and  pilot's  ability  to  carry  out  the  descent  checklist, 
including  landing  procedures 

Cockpit  Compatibility  Testing 

Affect  on  performing  flying  mission  safely,  limits  on  range  of  motion,  viewing  flight 
instruments,  stow  position  clearance,  and  canopy  clearance  of  PNVG  compared  to  breaker 

Electromagnetic  Compatibility 
Testing 

Affect  of  electromagnetic  emissions  from  the  PNVG  on  its  own  systems  and  other  systems,  and 
the  affect  of  other  systems  emission  on  the  PNVG,  with  particular  emphasis  on  flight  instrument 
safety 

Emergency  Ground  Egress  Testing 

Ensure  PNVG  does  not  interfere  with  pilot's  ability  to  quickly  exit  the  aircraft  during  emergency 
egress  while  on  the  ground  with  open  canopy 

Electrical  Shock  Analysis 

Ensures  the  addition  of  an  electrical  assembly  to  the  helmet  does  not  impose  an  excessive  risk  of 
electrical  shock  to  the  pilot  during  normal  flight  operations  and  even  conditions  such  as  ejecting 
into  water 

Optical  Performance  Testing 

Ensures  the  pilot  can  see  accurately  and  without  distortion  when  operating  the  aircraft  and 
wearing  the  PNVG;  also  quantifies  performance  of  PNVG 

Symbology  Analysis 

Identifies  any  symbology  issues  that  my  cause  disorientation  to  the  pilot 

5.2  Inertial  Properties  Testing 


The  PNVG  helmet  system’s  inertial  property  data  for  center  of  gravity  (CG),  weight,  and  static  torque  meets  the  AFRL  Head 
and  Neck  Criteria.  This  testing  was  completed  in  November  1998  by  the  AFRL  Biodynamics  and  Acceleration  Branch 
(AFRL/HEPA)  at  Wright-Patterson  AFB,  Ohio.  The  PNVG  center  of  gravity  data  (cgx  =  0.23  in.,  cgy  =  -0.01  in.,  cgz  =  1.20 
in.)  is  within  the  AFRL  Head  and  Neck  Criteria’s  Knox  box  (cgx  =  -0.8  to  0.25  in.,  cgy  =  -0.15  to  0.15  in.,  cgz  =  0.5~to  1.5 
in.).  This  Knox  box  was  developed  by  Dr.  Ted  Knox  to  provide  a  means  for  determining  the  safety  of  helmets  with  respect  to 
neck  loading  during  the  catapult  phase  of  ejection.8  In  addition  to  CG  effects,  the  overall  head-supported  weight  (including 
the  helmet  system  with  six  inches  of  signal  and  power  cable  and  the  MBU-20/P  oxygen  mask  with  3  inches  of  hose)  exceeded 
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the  5.0  lb.  criteria  by  0.31  lb.  However,  an  analysis  of  vertical  impact  testing  data  by  Mr.  Chris  E.  Perry  of  AFRL/HEPA 
showed  this  only  increased  the  compressive  neck  load  by  less  than  5%,  which  is  well  under  maximum  safe  limits.9  Therefore, 
the  overall  head-supported  weight  of  PNVG  does  not  seem  to  cause  any  safety  concerns.  In  addition,  the  static  torque  value 
of  93  lb-in2  was  well  under  the  safe  criteria  of  120  lb-in2  for  maximum  static  torque. 

5.3  Vertical  Impact  Testing 

The  AFRL/HEPA  evaluated  effects  of  inertial  property  differences  of  PNVG  as  compared  to  a  baseline  HGU-55/P  in 
October  1998.9  They  performed  testing  using  the  AFRL  vertical  deceleration  tower  to  simulate  an  1 1-12  G  catapult 
shock  on  an  Advanced  Dynamic  Anthropomorphic  Manikin  (ADAM)  (Figure  5b).  Five  vertical  deceleration  tests 
were  performed  for  both  the  HGU-55/P  helmet  as  well  as  the  PNVG  I  system.  Testing  showed  that  PNVG  does  not 
increase  the  risk  of  injury  during  the  catapult  phase  of  ejection  with  an  ACES  II  seat.  PNVG  will  not  induce  neck 
loads  greater  than  established  human  tolerance  (Table  2).  Dynamic  evaluation  also  found  no  structural  failures  to 
PNVG  mounting  points. 


Table  2.  Vertical  impact  testing  results 


Load  Parameter 

Baseline  HGU- 
55/P  Helmet 

PNVG  Helmet 

Criteria 

(-)  X-Axis  Shoulder  Load  (lb) 

-82.90  ±  13.74 

-93.07  ±  22.65 

N/A 

(-)  X-Axis  Neck  Load  (lb) 

-40.07  ±2.58 

-57.11  ±1.38 

80 

(+)  X-Axis  Neck  Load  (lb) 

27.60  ±  2.85 

27.87  ±  2.89 

80 

Z-Axis  Neck  Load  (lb) 

165.44  ±8.68 

213.04  ±3.07 

260 

Neck  Moment  (in-lb) 

130.17  ±4.76 

152.12  ±13.89 

400 

Neck  Moment  (in-lb)  * 

294.37 

333.79 

400 

*  ADAM  data  was  converted  to  estimated  human  data  for  neck  moment.  Note, 
for  other  types  of  loading,  this  conversion  is  not  necessary. 

VERTICAL  IMPACT  DATA 


Figure  5a.  Vertical  impact  acceleration  response 


Figure  5b.  Vertical  impact  tower 


5.4  Helmet  Impact  Testing 

Helmet  impact  testing  was  performed  at  Gentex  East  in  Carbondale,  Pennsylvania  in  November  1998.  The  PNVG  helmet 
system  provides  adequate  impact  energy  attenuation  by  meeting  the  HGU-55/P  helmet  specification  MIL-H-87174,  showing 
that  the  addition  of  the  PNVG  components  to  the  baseline  helmet  do  not  increase  the  pilot’s  risk  of  injury  from  impact.10  The 
PNVG  system  allowed  the  pilot’s  head  to  be  subjected  to  a  maximum  G  load  of  only  134  G’s.  The  military  specification 
requirement  is  less  than  400  G  instantaneous,  less  than  200  G  for  3  ms  or  less,  and  less  than  150  G  for  6  ms  or  less.10 


5.5  Visor  Ballistics  Testing 

Visor  ballistics  testing  was  also  performed  at  Gentex  East  in  Carbondale,  Pennsylvania  in  November  1998.  The  PNVG 
helmet  visor  provides  adequate  projectile  fragment  protection  by  meeting  the  HGU-55/P  helmet  visor  specification  MIL-V- 
4351 1C,  showing  that  the  clear  visor  does  not  allow  any  penetration  from  the  specified  0.22  caliber  T37  fragment  simulating 
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projectile  at  550  fps,  nor  does  the  impact  cause  cracks  on  the  visor,11  The  test  was  conducted  in  accordance  with  MIL-STD- 
622.  The  test  is  formally  known  as  the  “impact  resistance”  test,  while  Gentex  refers  to  it  as  the  “ballistics”  test. 

5.6  Helmet  Penetration  Testing 

In  addition  to  impact  and  ballistics,  penetration  testing  was  also  performed  at  Gentex  East  in  Carbondale,  Pennsylvania  in 
November  1998.  The  PNVG  helmet  system  meets  the  HGU-55/P  helmet  specification  MIL-H-87174,  showing  that  the 
addition  of  the  PNVG  components  to  the  baseline  helmet  do  not  increase  the  pilot’s  risk  of  injury  from  penetration.10  The 
PNVG  system  allowed  a  maximum  penetration  depth  of  1/16*  of  an  inch,  while  the  requirement  is  less  than  l/4,h  of  an  inch. 

5.7  Rapid  and  Explosive  Decompression  Testing 

National  Technical  Systems  completed  rapid  decompression  testing  in  December  1998.  The  PNVG  helmet  system  passed  all 
safety  and  operational  criteria  with  no  exceptions  during  the  rapid  decompression  testing  at  NTS  in  Saugus,  CA.  These  tests 
were  tailored  from  rapid  decompression  test  procedures  in  MIL-STD-810E,  indicates  the  goggle  is  safe  up  to  50,000  feet,  in 
the  event  of  a  rapid  (60-seconds)  decompression.  Two  tests  were  performed:  (1)  decompression  from  8k  feet  to  22k  feet  in 
44  sec,  and  (2)  decompression  from  25k  feet  to  50k  feet  in  59  sec.  These  times  and  pressures  were  chosen  due  to  the  nature 
of  the  flight  testing  at  Nellis,  In  both  tests,  the  PNVG  integrity  was  maintained.  No  visible  structural  damage  to  the  PNVG 
was  evidenced  nor  was  there  any  internal  damage  visible  by  looking  through  the  lenses.  Nothing  came  off  the  PNVG  during 
either  test.  The  PNVG  operated  flawlessly  both  before  and  after  the  tests  and  was  left  on  during  the  tests.  Also,  there  was  no 
movement  of  the  focus  rings  or  eyepieces.  These  tests  were  considered  a  complete  success. 


In  addition  to  this  rapid  decompression  testing,  an  explosive  decompression  test  of  Ik  feet  to  17k  feet  and  Ik  feet  to  8k  feet 
within  10  ms  was  successfully  performed  in  March  1999  at  Wright-Patterson  AFB,  Ohio.  An  explosive  decompression  can 
occur  when  ejecting  during  canopy  jettison  or  during  an  mid-air  accident. 

5.8  Ejection  Windblast  Testing 

Windblast  testing  was  completed  at  Dayton  T.  Brown  in  October  1998.  Testing  was  performed  at  350, 450,  and  600  KEAS  at 
both  the  17  and  34.5  degree  seatback  angles.  Compared  to  the  baseline  HGU-55/P  helmet  (with  the  integrated  chin-nape 
strap  (ICNS)  and  bungee  visor),  Mertz  criteria  evaluation  indicates  that  PNVG  does  not  increase  the  risk  of  neck  injury  to  the 
pilot  during  the  windblast  phase  of  ejection  up  to  600  KEAS.  This  is  for  ejection  using  an  ACES  II  seat  for  both  17-  and 
34.5-degrees  seatback  angle.  Overall,  PNVG  and  HGU-55/P  (with  ICNS  and  bungee  visor)  have  very  similar  neck  loading 
with  PNVG  actually  performing  better  than  HGU-55/P  at  some  speeds,  likely  due  to  a  more  favorable  aerodynamic  shape"’ 

Considering  peak  neck  loads  only  (no  duration  of  load  consideration),  the  probability  of  neck  injury  during  an  ejection  while 
wearing  PNVG  is:  9.91%  at  350  KEAS,  21.4%  at  450  KEAS,  and  41%  at  600  KEAS.  This  is  identical  to  the  baseline  HGU- 
55/P  (with  ICNS  and  bungee  visor).  Note  the  standard  breakaway  chinstrap  helmet  has  the  same  probability  of  injury  at  600 
KEAS  as  it  does  at  450  KEAS  (21.4%).  This  is  because  the  pilot  looses  the  protection  of  the  helmet  around  300  pounds  of 
axial  neck  loading.  All  of  this  probability  data  is  for  17-degree  seatback  angle  only.  One  can  factor  in  the  USAF  non-combat 
ejection  history,  which  is  a  distribution  of  ejections  at  various  speeds  (Figure  6).  This  gives  an  overall  probability  of  neck 
injury,  given  an  ejection  occurs  when  flying  with  PNVG  within  a  certain  flight  envelop  (Table  2).  Note  that  90%  of  all  USAF 
non-combat  ejections  occur  below  400  KEAS.  Also  note,  the  table  shows  results  for  VCATS  Uplook  advanced  flight  helmet 
as  well  as  the  HGU-55/P  (with  ICNS  and  standard  bungee  visor). 

However,  at  a  17-degrees  seatback  angle,  the  PNVG  interrupts  airflow  enough  to  cause  marginal  pitot  tube  compatibility 
therefore,  warranting  the  use  of  deployable  pitot  tubes  (Figure  7).  The  F-15Cs  that  will  be  used  for  PNVG  testing  at  Nellis 
are  equipped  with  deployable  pitots. 


The  PNVG  helmet  system  only  experienced  minor  (tiny  cracks)  structural  damage  during  windblasts  up  to  600  knots 
equivalent  airspeed  (KEAS),  which  would  add  no  risk  of  injury  to  the  pilot.  Windblast  testing  did  uncover  a  problem  with  the 
universal  connector  latch  handle  popping  up  due  to  forces  during  the  blast,  resulting  in  a  re-design  of  this  handle  that  fixed  the 
problem.  This  new  handle  was  re-tested  and  stayed  latched  throughout  the  blast.  During  the  eleven  windblast  tests  at  speeds 
from  350  to  600  KEAS,  at  no  time  did  any  part  of  the  PNVG  system  come  into  contact  with  the  pilot’s  eyes.  While  the  power 
supplies  and  eyepieces  did  contact  the  forehead,  this  contact  was  deemed  to  be  low  risk  due  to  the  smooth,  curved  shape  of 
these  pieces  and  the  relatively  large  contact  area. 
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Figure  6.  USAF  ejection  history 


Table  2.  PNVG  windblast  testing  results  using  probability  of  neck 
injury,  given  pilot  ejects  within  certain  flight  envelop 


USAF  Ejection  History 


i  Non-Combat  -  330  ACESII  Ejections  as  ot  April  1 
i  Combat  *  170  Southeast  Asia  Ejections,  1963-71 
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Figure  7.  Windblast  testing  of  PNVG  I  with  pitot  tube  positions  noted.  Note,  the  picture  on  the  left  (a)  is  of  the  windblast  test  apparatus 
and  manikin,  showing  the  pressure-sensing  rake  array  or  “Mickey  Mouse”  ears.  The  picture  on  the  right  (b)  shows  an  actual  F-15C  ACES 
II  seat  fitted  with  the  deployable  pitot  tube. 

5.9  Quick  Disconnect  Functionality  Testing 

Quick  disconnect  connector  (QDC)  functionality  testing  was  performed  at  Reynolds  Industries,  Inc.  in  October  1996.  PNVG 
test  pilots  will  utilize  the  same  helmet,  and  hence  the  same  cable  connection  to  the  aircraft  as  the  VCATS  helmet.  The  cable 
connection  electrically  connects  the  helmet  to  the  aircraft  and  has  a  QDC.  The  QDC  will  safely  disconnect  at  speeds  up  to 
240  in/sec  without  significantly  increasing  the  potential  risk  of  injury  to  the  pilot’s  neck  or  head.  The  placement  of  the  QDC 
at  the  left  side,  lower  torso  minimizes  the  risk  of  injury  to  the  pilot’s  arms  and  legs.  The  peak  separation  force  was  shown  to 
be  less  than  54  pounds  (typically  30  lb.)  in  all  cases,  different  pull  speeds  (quasi-static  and  240  in/sec)  and  angles  (straight, 

15  degrees  forward,  and  15  degrees  aft).  In  all  cases  during  emergency  egress,  there  is  minimal  risk  of  injury  to  pilot  due  to 
the  QDC. 

5.10  Comfort  Analysis 

PNVG  helmets  are  not  expected  to  cause  hot  spots  or  other  discomfort  to  the  pilot  after  periods  of  prolonged  wear  (4  hours). 
422  TES  pilots  will  utilize  the  same  helmets  currently  used  for  VCATS  testing,  which  is  the  Gentex  Lightweight  HGU-55/P. 
VCATS  uses  a  thermoplastic  liner  (TPL)  fitting  scheme  with  a  minimum  of  2  layers  and  custom  poured  energy  absorbing 
liner  (EAL)  to  ensure  a  good  fit  and  comfort.  The  EAL  uses  a  6-lb/ft2  material  rather  the  standard  4.5-lb/ft2  material.  Internal 
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dimensions  of  VCATS  helmets  versus  the  standard  operational  HGU-55/P  helmet  are  reduced  by  no  more  than  0.10  inches, 
which  can  be  made  up  by  removing  one  TPL  layer. 

5.11  Communication  and  Sound  Attenuation  Analysis 

The  PNVG  helmet  system  should  also  meet  minimum  sound  attenuation  requirements  to  ensure  pilot  communication  is  not 
hindered  during  flying  operations.  PNVG  test  pilots  will  utilize  the  same  helmets  currently  used  for  VCATS  testing,  which 
have  been  successfully  used  for  several  years.  VCATS  uses  the  HI 54  earcup.  Sound  attenuation  requirements  for  the  Air 
Force  are  outlined  in  the  specification  for  the  H154  earcup  (MIL-E-83425).  However,  no  “VCATS  specific”  testing  was 
performed  because  the  HI 54  earcup  is  standard  issue  and  meets  USAF  requirements  for  sound  attenuation.  Flight  test 
experience  from  VCATS  and  Vista  Sabre  II  HMDs  (Kaiser  Mark-Ill  and  Mark-IV)  have  revealed  no  sound  attenuation  or 
communication  problems  with  the  Kaiser  Lightweight  HGU-55/A/P  helmet  shell  and  H154  earcup. 

5.12  Hanging  Harness  Testing 

Hanging  harness  testing  was  completed  at  Ohio  Air  National  Guard’s  162nd  Fighter  Squadron  on  5  January  1999  (Figure  8). 
This  test  investigated  any  possible  riser  interference  and  the  pilot’s  ability  to  carry  out  the  descent  checklist,  including  landing 
procedures.  The  test  indicated  there  are  no  significant  concerns  for  a  pilot  completing  the  post  ejection  procedures  checklist 
while  under  the  canopy  during  decent  and  during  the  parachute  landing  fall.  In  addition,  PNVG  test  pilots  will  utilize  the 
same  helmet  as  VCATS,  and  hence  the  same  cable  connection  to  the  aircraft.  Hanging  harness  testing  was  previously 
performed  successfully  for  VCATS  on  23  August  1995,  revealing  no  problems.  It  should  be  noted  that  because  the  pilot 
would  be  ejecting  at  night  while  wearing  the  PNVG,  he/she  would  be  much  safer  with  this  NVG  capability  retained  than 
without  it.  The  practice  for  standard  NVGs  is  to  remove  them  prior  to  ejection,  while  the  PNVG  was  designed  to  stay  on 
during  ejection.  Having  the  ability  to  see  the  ground  and  your  canopy  significantly  reduces  risk  during  a  nighttime  ejection. 


Figures.  Hanging  harness  testing  of  PNVG  I 


5.13  Cockpit  compatibility  Testing 

The  PNVG  helmet  was  tested  for  F-15C  cockpit  compatibility  at  Nellis  AFB,  422  TES  in  January  1999.  This  test 
investigated  the  affect  of  PNVG  on  performing  the  flying  mission  safely,  range  of  motion,  and  viewing  flight  instruments. 

The  test  also  checked  stow  position  clearance  and  canopy  clearance  of  PNVG  system  versus  canopy  breaker  position  during 
ejection.  The  test  was  performed  in  a  darkened  hangar  with  a  frilly  operational  PNVG.  Changes  and  additions  to  the  baseline 
helmet  system  were  found  to  not  interfere  with  the  pilot’s  ability  to  perform  the  flying  mission.  The  pilot’s  range  of  motion  in 
the  cockpit  is  not  limited  by  PNVG’s  increased  helmet  bulk  or  electrical  harness  routing  in  such  a  way  as  to  cause 
compatibility  problems.  This  testing  was  performed  with  the  PNVG  down  and  also  flipped  up  in  the  stow  position.  The  pilot 
was  able  to  see  all  of  the  flight  instruments  without  obstruction  and  was  able  to  safely  perform  all  standard  procedures  in  a 
timely  manner.  It  was  noted,  however,  that  the  bottom  edge  of  the  PNVG  visor  needs  to  be  custom  trimmed  for  each  pilot  so 
that  it  does  not  cut  through  the  view  of  the  cockpit  instrument  panel.  An  improperly  trimmed  visor  can  cause  annoying 
discontinuities  that  tend  to  reflect  light  from  the  head-up  or  head-down  displays  into  the  pilot’s  eyes. 
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With  PNVG  in  down  position,  the  HMD  module  does  not  protrude  above  the  baseline  HGU-55/P  in  such  a  way  that  it 
contacts  the  canopy  before  the  canopy  breaker  does  even  for  the  maximum  sitting  height  pilots.  With  PNVG  in  the  stow 
position,  it  can  contact  the  canopy  before  the  breaker  does  for  taller  pilots.  However,  the  PNVG  latching  mechanism,  which 
holds  the  goggles  in  the  up  position,  is  designed  to  break  away  due  to  a  6  G  or  more  catapult  force  in  a  controlled  manner  to 
allow  PNVG  to  come  down  and  lock  into  position  before  the  pilot’s  head  enters  the  wind  stream. 

In  general,  the  best  cockpit  compatibility  data  is  taken  from  actual  pilots  flying  with  the  PNVG,  which  is  the  point  of  the 
operational  utility  evaluation.  From  a  safety  standpoint,  basic  information  can  be  gained  by  analysis  on  the  ground  in  a  real 
cockpit  inside  of  hangar,  such  as  was  described  above.  Another  tool  that  can  be  useful  is  a  physically  realistic  flight 
simulator. 

5.14  Electromagnetic  Compatibility  Testing 

The  PNVG  helmet  was  tested  for  F-15C  electromagnetic  compatibility  both  at  Boeing  in  St.  Louis  and  at  Nellis  AFB  at  the 
422  TES  in  January  1999.  The  Boeing  testing  was  performed  using  an  electromagnetic  interference  chamber,  while  the  Nellis 
AFB  testing  was  performed  in  a  powered  up  F-15C  cockpit  with  an  operational  PNVG.  The  pilot  performed  a  checklist 
verifying  all  cockpit  instruments  were  functioning  properly.  This  testing  took  into  account  guidance  from  MIL-STD-461 
(Requirements  for  the  control  of  electromagnetic  interference  emissions  and  susceptibility),  MIL-STD-462  (Measurement  of 
electromagnetic  interference  characteristics),  and  MIL-STD-464  (Electromagnetic  environmental  effects,  requirements  for 
systems).  In  all  tests,  no  significant  problems  were  discovered. 

5.15  Emergency  Ground  Egress  Testing 

Emergency  ground  egress  testing  was  performed  at  Nellis  AFB,  Nevada  in  January  1999  using  both  a  ground  egress  trainer 
and  an  operational  F-15C  inside  of  a  hangar  (Figure  9).  The  addition  of  PNVG  to  the  helmet  system  will  add  extra  cables  to 
the  pilot’s  head  that  become  entangled  or  snagged  as  the  pilot  attempts  to  perform  an  emergency  egress.  This  test  ensured 
that  PNVG  does  not  interfere  with  pilot’s  ability  to  exit  the  aircraft  during  emergency  egress  while  on  the  ground  with  open 
canopy.  Additionally,  the  quick  disconnect  must  also  reliably  separate  during  ground  egress  with  the  pilot  making  no  manual 
disconnects.  This  test  was  performed  with  PNVG  in  the  stow  position.  It  was  noticed  that  the  PNVG  could  possibly  snag  the 
forward  canopy  hook  unless  the  pilot  carefully  maneuvers  around  it. 


Figure  9.  Emergency  egress  testing  of  PNVG  I  (note  forward  canopy  hook  can  snag  PNVG) 

5.16  Electrical  Shock  Analysis 

The  addition  of  an  electrical  assembly  to  the  helmet  must  not  impose  an  excessive  risk  of  electrical  shock  to  the  pilot  during 
normal  flight  operations  and  even  conditions  such  as  ejecting  into  water.  A  preliminary  electrical  shock  analysis  has  been 
performed  at  Wright-Patterson  AFB,  Ohio,  which  has  identified  some  areas  that  need  to  be  investigated  more  closely.  These 
areas  include  the  remoted  power  supply  connection  and  exposed  circuit  boards  and  flex  circuitry.  In  Phase  III  of  the  program, 
Night  Vision  Corporation  shall  perform  a  more  detailed  analysis. 
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The  PNVG  uses  relatively  low  voltage  (less  than  12  volts  DC)  connections  from  the  aircraft  to  the  pilot  through  the  wiring 
harness.  The  VCATS  program  has  proven  the  safety  of  this  harness  through  many  successful  flight  hours.  In  fact,  the  PNVG 
should  actually  be  safer  than  VCATS,  because  it  does  not  use  a  high  voltage  connection  from  the  aircraft  power. 

Inside  of  the  helmet,  Module  IV  flex  cables  are  routed  between  the  helmet  shell  and  the  protective  EAL,  thus  minimizing  the 
risk  of  electrical  shock.  The  universal  connector  has  several  fail-safe  mechanisms  engineered  into  it  to  prevent  inadvertent 
electrical  shock.  In  addition,  the  display  controller  is  coated  with  a  spray-on  non-conducting  conformal  coating  to  both 
protect  the  electronics  and  add  safety.  Also,  voltages  and  power  in  the  controller  should  be  low  enough  to  not  cause  any 
significant  risk  to  the  pilot. 

The  Image  Intensifier  Tube  (IIT)  power  supplies  on  the  PNVG  helmet  module  are  separated  from  the  IITs  by  a  few  inches, 
and  four  insulated  wires  connect  each  of  the  two  IITs.  However,  this  power  supply  is  only  driven  with  3  volts  at  a  maximum 
of  60  milliamps.  This  means  that  the  device  uses  a  maximum  of  180  milliwatts,  which  should  be  of  little  safety  concern. 
Epoxy  potting  insulation  on  both  ends  of  these  wires  provides  protection  and  keeps  out  moisture.  If  aircraft  power  is  not 
present,  only  the  goggle  power  supplies  receive  their  3-volt  DC  supply  from  two  AAA  alkaline  batteries. 

5.17  Optical  Performance  Testing 

The  optical  performance  of  the  PNVG  is  extremely  important  for  safety-of-flight  certification.  Internal  laboratory  testing  of 
the  PNVG  unit  was  performed  in  early  January  1999  at  the  AFRL  Night  Vision  Operation  Laboratory.  This  analysis  revealed 
the  PNVG  has  similar  optical  performance  when  compared  to  the  standard  F4949  NVG.  Additional  testing  is  necessary  to 
verify  these  preliminary  results,  which  is  why  no  performance  numbers  are  presented  in  this  paper. 

5.18  Symbology  Analysis 

The  PNVG  displays  flight  symbology  identical  to  VCATS  except  the  symbology  is  yellow  rather  than  green.  The  pilots  who 
use  the  PNVG  symbology  should  be  aware  of  the  possibility  of  being  disoriented  by  looking  at  the  attitude  reference 
indicator’s  artificial  horizon,  which  is  referenced  to  the  aircraft  symbol  on  the  PNVG  display.  The  aircraft  symbol  is 
referenced  to  the  pilot’s  helmet  and  not  the  aircraft,  as  it  is  with  a  head-up  display  (HUD)  mounted  on  top  of  the  instrument 
panel.  Therefore,  unless  the  pilot  is  looking  straight  ahead  and  perfectly  level  using  PNVG,  the  artificial  horizon  will  not 
match  the  outside  world  horizon,  either  viewed  directly  or  through  the  PNV G.  In  other  words,  the  artificial  horizon 
symbology  no  longer  matches  the  exterior  world  scene  as  displayed.  This  cannot  be  avoided  on  a  helmet-mounted  system 
because  the  pilot’s  helmet  does  move  with  respect  to  the  aircraft  (tilt,  look  over  shoulder,  etc).  This  mismatch  could  be 
disorienting  to  the  pilot  if  not  properly  taken  into  consideration.  All  Nellis  AFB  VCATS-trained  pilots  are  quite  familiar  with 
this  issue  and  will  have  no  surprises  with  PNVG.  Any  new  pilots  will  be  properly  trained  prior  to  use  of  PNVG.  In  most 
cases,  the  pilot  will  simply  shut  off  the  HMD  attitude  reference  indicator. 

6.  CONCLUSION 

The  PNVG  conceptual  working  model  developed  under  the  phase  I SBIR  demonstrated  the  feasibility  of  a  very  wide  FOV 
image  for  night  operations.  The  eleven  advanced  technology  demonstrators  delivered  under  Phase  II  and  successful 
completion  of  safety-of-flight  testing  will  allow  the  warfighter  to  evaluate  the  operational  utility  of  the  PNVG  in  actual  flight 
tests  on  aircraft.  It  is  noted  that  for  flight  testing  on  aircraft  other  than  the  F-15C,  additional  safety-of-flight  testing  and 
analysis  will  be  necessary,  such  as  cockpit  compatibility,  electromagnetic  compatibility,  and  emergency  ground  egress.  As  a 
result  of  performance-based  evaluations  in  both  simulators  and  in  operational  aircraft,  a  better  understanding  will  be  gained  of 
the  PNVG’s  impact  on  such  areas  as  improved  situational  awareness,  reduced  fatigue  during  long  missions,  ejection 
compatibility,  and  overall  increased  mission  performance  and  safety. 
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ABSTRACT 

During  operational  testing  of  the  panoramic  night  vision  goggles  (PNVG)  over  the  past  eighteen  months,  the  prototype 
systems  have  shown  wear  which  has  resulted  in  degraded  performance.  When  a  PNVG  degrades  to  a  point  that  pilots 
find  objectionable,  the  PNVGs  are  sent  back  to  the  lab  for  repair.  The  lab  has  set  up  a  program  to  assess  the  PNVGs 
received  from  the  field  to  verify  the  probable  source  of  the  objectionable  characteristic (s).  Once  determined,  the  PNVGs 
are  shipped  back  to  the  manufacturer  for  repair.  After  repair,  the  PNVGs  are  again  shipped  to  the  lab  to  verify  repairs 
and  assess  the  overall  condition  before  returning  the  PNVG  to  the  field  for  further  operational  testing.  This  paper 
discusses  the  selected  series  of  tests  that  are  performed  to  diagnose  the  more  common  recurring  problems  and  to 
determine  if  the  manufacturer  satisfactorily  repaired  them.  These  tests  include  the  assessment  of:  gain,  maximum 
luminance  output,  visual  acuity  ("resolution'1),  objective  lens  focus  range,  eyepiece  diopter  setting,  and  image 
discontinuity  at  the  inboard/outboard  channel  boundary.  The  results  of  this  testing  are  presented  along  with  a 
comparison  of  data  taken  before  and  after  repair  with  data  taken  during  previous  evaluations. 

INTRODUCTION 

Under  a  Phase  II  Small  Business  Innovative  Research  (SBIR)  program,  a  total  of  10  PNVGs  were  delivered  to  the  Air 
Force  Research  Laboratory  for  testing  and  for  eventual  operational  utility  evaluations  (OUEs)  conducted  by  pilots  in  the 
field.  Although  these  PNVGs  were  designed  for  flight  evaluation,  they  were  not  built  to  the  level  of  ruggedness  that 
might  be  achieved  in  a  final,  fielded  design.  As  a  result,  the  PNVGs  required  repair  during  flight  testing.  Since  the 
PNVGs  were  not  designed  for  any  level  of  field  maintenance,  the  only  way  to  repair  the  PNVGs  is  to  send  them  baek  to 
the  manufacturer.  However,  because  of  the  sometimes  ambiguous  deficiencies  noted  by  the  pilots,  and  the  relatively 
high  cost  of  PNVGs  repaired,  it  was  decided  that  a  controlled  procedure  should  be  established  to:  1)  verify  and  document 
the  nature  of  the  pilots  complaints  through  measurements  of  the  PNVGs  and  2)  verify  the  condition  of  the  PNVGs  after 
repair  and  prior  to  returning  them  to  the  field.  This  paper  describes  the  tests  that  were  selected  and  some  of  the  results 
obtained  from  PNVGs  sent  baek  for  repairs. 

PROCEDURES 

Gain/Maximum  Output  Luminance 

The  gain  of  a  night  vision  goggle  (NVG)  is  an  assessment  of  its  ability  to  amplify  available  light.  The  maximum  output 
luminance  of  an  NVG  is  determined  by  providing  a  uniform  input  luminance  (that  fills  the  field  of  view)  and  increasing 
the  input  luminance  until  the  output  luminance  no  longer  increases.  This  is  the  point  at  which  the  auto  gain  feature  of  the 
NVGs  starts  to  control  the  system  gain.  These  are  measured  using  a  Hoffman  ANV-120.  This  device  implements  a  test 
outlined  in  earlier  documents  [Task,  1993]  in  which  the  luminance  output  of  the  NVG  is  measured  and  compared  to  the 
luminance  input  from  a  spatially  large,  Lambertian,  2856K  blackbody  source.  Gain  is  calculated  simply  by  dividing  the 
luminance  output  by  the  luminance  input. 

Visual  Acuity 

Visual  Acuity  [Marasco  &  Task,  1999)  measures  how  well  a  human  observer  can  see  high  contrast  targets  at  specified 
light  levels  through  the  PNVG.  The  targets  are  a  series  of  high  contrast,  square-wave  gratings  in  steps  of  one  Snellen 
acuity  point  (e.g.  20/24,  20/25,  etc),  illuminated  to  5.8xl0'3  foot-Lamberts  (fL)  (quarter  moon)  and  to  5.8xl0'4  fL 
(starlight)  with  a  light  source  having  a  blackbody  color  temperature  of  2856K.  The  test  PNVG  is  placed  30  feet  from  the 
targets.  Trained  observers  focus  the  NVGs  on  the  target  gratings  and  view  the  gratings  through  each  ocular  of  the 
PNVG,  one  at  a  time  using  their  dominant  eye.  The  targets  with  the  highest  horizontal  and  vertical  spatial  frequencies 
the  observer  can  clearly  see,  in  terms  of  Snellen  acuity,  are  then  recorded.  The  trained  observers  (typically  3  are  used 
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and  their  results  averaged)  are  required  to  be  highly  practiced  with  the  test  procedure  and  must  have  20/20  vision  or 
vision  corrected  to  20/20  and  no  astigmatism. 

Objective  Lens  Focus  Adjustment  Range 

The  objective  lenses  of  the  inboard  channels  of  the  PNVGs  are  adjustable,  permitting  the  observer  to  focus  on  objects 
located  about  2  feet  away  to  infinity.  However,  in  order  to  give  the  PNVG  user  confidence  that  the  objective  lens  focus 
is  indeed  set  for  best  image  quality  at  the  infinity  end,  it  is  desirable  to  have  the  objective  lens  go  "past”  infinity.  This 
enables  the  observer  to  adjust  back  and  forth  across  the  infinity  setting  to  obtain  the  best  possible  focus.  If  the  objective 
lens  focus  mechanism  is  not  adjusted  correctly,  it  may  stop  the  lens  travel  short  so  that  it  does  not  go  through  infinity. 
This  test  is  designed  to  insure  the  objective  lens  can  be  focused  at  and  through  the  infinity  setting.  An  IR  LED,  which 
serves  as  a  point  source  of  light,  is  located  about  190  feet  (anything  past  about  150  feet  can  be  considered  optical  infinity 
for  the  PNVG  objective  lens)  from  the  PNVGs.  The  objective  lens  focusing  knob  is  then  adjusted  until  the  image  of  the 
LED  is  as  small  as  possible  such  that  this  setting  is  not  at  the  end  of  travel.  Ideally,  one  would  like  the  image  to  get 
smaller  as  the  objective  lens  is  focused  at  a  distant  object,  then  get  larger  as  the  adjustment  is  pushed  past  the  minimum 
size  image.  This  insures  the  PNVGs  can  be  focused  "past"  infinity. 

Eyepiece  Focus 

The  current  PNVG  design  has  a  fixed  focus  eyepiece.  This  means  the  virtual  image  of  the  image  intensifier  tube  output 
screen  is  located  at  a  fixed  distance  from  the  observer's  eye.  For  various  reasons  beyond  the  scope  of  this  paper,  the 
original  specification  for  the  PNVG  called  for  the  eyepiece  focus  to  be  set  to  -0.75  diopters.  To  verify  this  focus  setting, 
a  hand-held  dioptometer  is  used  (Task,  2000).  For  this  procedure,  a  single  observer  measured  the  diopter  setting  three 
times  and  the  average  was  recorded  as  the  diopter  value. 

Image  Discontinuity 

Extending  a  night  vision  device’s  horizontal  field  of  view  by  combining  the  output  of  multiple  image  intensifier  tubes 
creates  the  possibility  of  image  discontinuities  between  the  in-board  and  out-board  channels  due  to  the  difficulties  in 
aligning  the  optical  systems.  These  discontinuities  may  be  manifested  as  excessive  overlap,  gaps,  magnification 
differences,  image  rotation  differences,  or  image  shifts.  This  procedure  is  designed  to  photographically  assess  and 
measure  these  defects  by  imaging  a  large  8  ft  by  8  ft  grid  through  the  PNVG  in-board  and  out-board  channels 
simultaneously  and  comparing  the  defects  to  the  size  of  grid  features  (Marasco  &  Task,  1999). 

The  PNVGs  are  mounted  and  positioned  a  known  distance  from  the  back-illuminated  grid  board  (grid  lines  are  spaced  8 
inches  apart).  With  the  room  lights  off  and  the  grid  board  lighting  set  to  a  very  low  level,  both  the  in-board  and  out¬ 
board  PNVG  ocular  fields  of  view  are  simultaneously  photographed  using  a  camera  with  a  wide  angle  lens.  Using  the 
distance  to  the  grid  board  and  the  grid  board  line  spacing,  it  is  possible  to  calculate  the  angular  subtense  of  each  of  the  8- 
inch  grid  squares.  Using  this  information  to  scale  the  photograph,  it  is  possible  to  quantitatively  assess  image 
discontinuity. 

Spectral  Measurements 

During  operational  testing  of  the  PNVG,  Army  pilots  noticed  some  color  smearing  in  a  PNVG  II  image.  It  was  the 
observation  of  researchers  at  USAARL,  Ft.  Rucker,  AL,  that  the  problem  could  be  corrected  by  attaching  yellow 
absorption  filters.  However,  Air  Force  fliers  did  not  report  this  image  anomaly.  The  question  went  largely 
uninvestigated  until  after  the  review  of  several  PNVG  image  discontinuity  photos.  In  these  photos,  a  faint  blue  double 
image  was  found  at  the  edges  of  the  PNVG  II  output.  Analysis  of  photos  showed  that  the  double  image  was  not  found  in 
the  PNVG  I. 

This  issue  is  due  in  part  to  the  spectral  characteristics  of  the  image  intensifier  tube’s  P43  phosphor.  The  P43  phosphor  is 
attractive  for  use  in  the  PNVG  because  the  phosphor’s  primary  emission  spike  is  spectrally  narrow.  In  order  to  take 
advantage  of  the  narrow  central  spike,  the  two  dim,  secondary  emissions  (known  as  side  lobes)  must  be  attenuated.  The 
PNVGs  are  equipped  with  an  interference  filter  to  block  the  side  lobes  and  pass  only  the  primary  P43  phosphor  spike. 

Spectral  measurements  were  used  to  examine  the  relative  intensity  of  the  blue  image.  The  PNVG  was  prepared  for  these 
measurements  by  mounting  it  on  an  optical  table  and  focusing  them  to  infinity.  A  single  PNVG  objective  lens  was  then 
aligned  to  the  aperture  of  an  integrating  sphere  so  that  the  entire  field  of  view  is  filled.  The  integrating  sphere  was 
illuminated  with  a  2856K  source  producing  a  luminance  of  approximately  0.7X10'3  fL.  The  spectroradiometer 
measurement  head,  having  a  4.1 -degree  field  of  view,  is  positioned  several  inches  behind  the  test  NVG  on  the  test 
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channel’s  optical  axis  and  focused  into  the  eyepiece,  NVG  output  is  then  measured  for  two  different  view  angles:  on 
axis  and  15  degrees  off  axis, 

EXAMPLES  OF  RESULTS 

The  following  is  an  example  of  the  kind  of  data  obtained  from  the  field  that  accompanies  a  PNVG  that  has  been  returned 
for  repair  or  refurbishment.  Only  die  comment  in  parentheses  was  added  for  emphasis  in  this  paper: 

PNVG  II,  Config.  4,  S/N  02  -  5  JUN  0 

Got  opportunity  to  check  out: 

-  Left  inner  channel  is  dim.  Appears  to  be  "gained  down." 

-  Very  difficult  to  focus. 

Left  outer  -  20/60 

Left  inner  -  20/50  very  dark 
Right  inner  -  20/40 
Right  outer  -  20/60 
Headache  after  wearing  for  20  min 

*  compared  with  Oct  27,  99  entry  (7  months  prior  to  this  entry).  The  goggles  have  experienced  a  large 
reduction  in  performance 

PNVG  I,  Config.  1,  S/N  08  -  8  JUN  00 

-  Return  to  Sytronies  for  MX. 

-  Visual  acuity  is  poor  -  focus  at  infinity  needs  work 

-  Loose  VA.  Please  tighten 

-  Scratch  in  Rt  outer  channel 

As  illustrated  above,  the  nature  of  the  complaint  was  not  always  exactly  clear.  For  the  first  case  (the  PNVG  II),  there 
were  two  characteristics  to  check:  1)  the  left  inboard  channel  appeared  to  have  lower  gain  than  it  used  to  compared  to  the 
other  channels,  and  2)  the  visual  acuity  may  have  been  reduced.  It  was  hard  to  determine  what  the  cause  might  be  (as 
evidenced  by  the  comment  that  the  "goggles  have  experienced  a  large  reduction  in  performance”  since  the  previous  entry 
of  Oct  27,  99).  The  reference  to  focus  difficulty  could  be  due  to  mechanical  friction  (i.e,  it  is  physically  hard  to  turn  the 
knobs)  or  could  be  a  reference  to  the  image  quality  obtained  (i.e.  it  does  not  focus  as  clearly  as  it  used  to).  Gain  and 
visual  acuity  assessments  were  considered  the  two  key  parameters  to  concentrate  on  in  the  evaluation.  The  comment 
about  headache  after  wearing  for  20  minutes  could  be  caused  by  any  number  of  things.  One  possible  culprit  could  be 
image  alignment  problems,  making  it  another  parameter  to  investigate  closely. 

The  second  case  (PNVG  I)  provided  a  hint  that  the  focus  range  of  one  of  the  oculars  may  not  be  focusable  to  or  past 
infinity.  The  reference  to  VA  was  presumably  "visual  acuity"  although  it  was  difficult  to  determine  how  to  "tighten"  the 
visual  acuity.  The  following  are  the  log  entries  for  these  PNVGs  when  they  came  back  from  the  repair: 

PNVG  II,  Config.  4,  S/N  02  13  JUN  00 

Received  goggle  from  Sytronies,  Initial  observations: 

All  four  tubes  exhibit  dark  shaded  areas.  These  are  caused  by  "poison"  in  the  cathode  and  will  most  likely  kill 
entire  tube  within  few  months.  I  notified  Sytronies  before  any  repairs. 

Left  outer,  right  inner  and  right  outer  tubes  re-adjusted  for  gain  and  Automatic  Brightness  Control  (ABC). 
Focus  on  all  four  objectives  re-adjusted.  Inner  channels  mad  20-22. 

PNVG  I,  Config.  I,  S/N  08  21  JUN  00 

Goggle  received  from  Sytronies. 

a.  Initial  check  showed  left  side  dead. 

b.  Right  side  misaligned  and  soft  image. 

c.  Stowr  mechanism  (trapeze)  loose. 

d.  Left  inner  tube  has  dark  shading  (poison  of  photocathode) 

e.  Left  outer  tube  has  dark  shading  [diagram] 

All  items  (except  tube  shadings)  were  corrected  between  June  30  and  July  5, 2000. 

1 .  Left  power  supply  re-wired, 

2.  Right  monocular  re-adjusted,  but  central  intensifier  is  soft  (see  27  March  comments). 

3.  Stow  mechanism  re-tightened. 
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4.  Goggle  shipped  July  6,  2000  to  Sytronics. 

The  following  sections  show  the  test  results  for  these  two  PNVGs  with  their  reported  problems  before  and  after  repair. 

Gain 

Since  there  is  a  certain  amount  of  variability  in  repeatability  and  reproducibility  of  gain  measurements,  only  changes  in 
gain  of  greater  than  13%  are  considered  significant  [Aleva,  1998].  Although  the  repair  contractor  stated  that  gain  and 
ABC  (i.e.  maximum  luminance)  was  adjusted  for  3  of  the  4  channels  of  the  PNVG  II  (all  but  the  left  inner  channel)  it  is 
apparent  from  Table  1  that  only  the  right  channels  had  a  significant  increase  in  gain  as  a  result  of  the  repair.  It  should 
also  be  noted  that  even  before  repair  the  left  inner  channel,  which  was  stated  to  be  "dim,"  had  the  highest  gain  of  all  4 
channels  (PNVG  II)  and  the  second  highest  maximum  luminance.  This  makes  it  unclear  as  to  what  conditions  caused  the 
pilots  to  note  the  luminance  deficiency  in  the  left  inner  channel.  Table  2  summarizes  the  results  of  the  maximum 
luminance  output  measurements,  showing  an  increase  in  maximum  output  luminance  for  the  left  outboard  and  right 
inboard  channels  of  the  PNVG  II  after  repair.  The  PNVG  I  data  for  both  Tables  1  and  2  indicate  essentially  no  change 
before  and  after  repair,  which  makes  sense  since  the  pilot  complaints  did  not  involve  any  gain  or  luminance  related 
issues. 


Table  1 .  Gain  measured  at  3.7x1  CT4  fL  input  before  and  after  repair. 


PNVG  I 

PNVG  II 

Before 

After 

Before 

After 

LFT  OUTB. 

3568 

3919 

3132 

2993 

LEFT 

4422 

4405 

3655 

3567 

RIGHT 

4878 

5027 

3602 

4954 

RT  OUTB. 

4846 

5189 

2981 

4181 

Table  2.  Maximum  output  luminance  (fL)  measured  on  three  different  dates. 


PNVG  I 

PNVG  II 

Before 

After 

Before 

After 

LFT  OUTB. 

2.74 

2.72 

2.19 

3.06 

LEFT 

2.74 

2.89 

2.41 

2.41 

RIGHT 

2.41 

2.49 

1.84 

2.33 

RT  OUTB. 

2.48 

2.70 

2.52 

2.47 

Visual  Acuity  (Resolution) 

Table  3  and  Table  4  list  the  results  of  acuity  testing  at  starlight  and  quarter  moon  luminance  conditions  respectively. 
These  tables  show  minor  improvements  in  visual  acuity  (smaller  numbers)  for  most  of  the  channels  after  repair,  which  is 
expected  based  on  the  pilot  complaints  and  the  stated  repairs.  However,  previous  research  on  the  techniques  to  measure 
visual  acuity  indicates  that  the  magnitude  of  these  changes  is  probably  insignificant  compared  to  the 
repeatability/reproducibility  of  the  measurements  [Pinkus  et  al.,  1999]. 


Table  3.  Starlight  Snellen  Acuity  (20/XX)  measured  before  and  after  repair. 


PNVG  I 

PNVG  II 

After 

Before 

After 

44 

42 

40 

38 

LEFT 

32 

37 

29 

29 

BINOCULAR 

35 

35 

27 

28 

RIGHT 

43 

41 

29 

28 

RT  OUTB. 

43 

41 

43 

40 
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Table  4.  Quarter  Moon  Snellen  Acuity  (20 /XX)  measured  before  and  after  repair. 


PNVG  I 

PNVG  II 

Before 

After 

Before 

After 

LFTOUTB, 

39 

39 

34 

32 

LEFT 

29 

30 

25 

26 

BINOCULAR 

28 

32 

25 

25 

RIGHT 

39 

35 

25 

26 

RTOUTB, 

38 

38 

39 

34 

Objective  Lens  Focus  Adjustment 

Focus  issues  noted  in  PNVG  II,  Configuration  4,  serial  number  02  were  corrected  by  Insuring  the  objective  lens  focus 
range  went  past  infinity. 

Eyepiece  Diopter  Setting 

None  of  the  pilot  complaints  seemed  to  be  a  result  of  eyepiece  focus  setting.  Although  the  diopter  settings  of  Table  5  are 
somewhat  varied,  they  do  not  indicate  that  there  should  be  any  difficulties  due  to  this  parameter. 


Table  5.  Mean  Eyepiece  Setting  (in  Diopters)  measured  on  three  different  dates. 


PNVG  I 

PNVG  II 

Before 

After 

Before 

After 

LFT  OUTB. 

-0.8 

-0.6 

-0.7 

-0.6 

LEFT 

-0.6 

-0.5 

-0,4 

-0.5 

RIGHT 

-0.5 

-0.5 

-0.3 

-0.5 

RT  OUTB. 

-0.4 

-0.2 

-0.2 

-0.3 

Image  Disconf imzity 


Figure  1.  PNVG  II  image  discontinuity  before  repair.  Figure  2.  PNVG  II  image  discontinuity  after  repair. 


Since  the  manufacturer  s  procedure  for  adjusting  image  intensifier  tube  gain  was  unknown,  changing  the  relative 
position  of  the  tube  to  the  eyepiece,  thus  changing  PNVG  image  discontinuity,  was  considered  possible  during  repair. 
Image  discontinuity  photos  taken  before  and  after  repairs  were  compared  (Figure  I  and  Figure  2).  Little  change  was 
noted  in  photos  of  either  PNVG  I  or  PNVG  II. 

Spectral  Measurements 

Figure  3  shows  the  spectral  distribution  for  PNVG  II,  Configuration  4,  serial  number  0003,  on  axis  and  15  degrees  off 
axis.  The  spectral  measurements  indicate  that  the  current  filter  is  sufficient  to  block  the  blue  and  red  side  lobes  on  axis. 
However,  at  15  degrees  off-axis  the  blue  side  lobe  appears.  The  Intensity  of  the  blue  lobe  ranged  from  2%  to  17%  of  the 
corresponding  green  primary  emission  depending  on  the  ocular. 
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Figure  3.  Normalized  spectral  measurements  of  PNVG II,  Config.  4,  S/N  0003,  Right  Central  Channel,  at  0  and  15 

degrees  off  axis. 

DISCUSSION  AND  CONCLUSIONS 

The  characterization  of  PNVGs  for  diagnosis  of  image  quality  problems  and  post  repair  assessment  yielded  a  number  of 
observations.  Given  the  sometimes  ambiguous  comments  from  the  pilots  regarding  the  deficiencies  of  the  PNVGs  due 
to  wear  and  tear  in  the  field,  it  is  apparent  that  a  controlled  process  of  quantitatively  verifying  PNVG  performance  before 
and  after  repair  is  needed.  One  curious  item  of  note  is  the  large  difference  in  visual  acuity  ascribed  to  the  PNVGs  from 
the  field  compared  to  the  more  controlled  assessment  of  PNVG  visual  acuity  accomplished  in  the  laboratory.  The 
repeatability  and  reproducibility  of  NVG  visual  acuity  is  a  good  topic  for  future  research. 
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ABSTRACT 

Future  night  vision  goggle  (NVG)  capabilities  have 
dramatically  improved  with  the  advent  of  the  “Panoramic 
Night  Vision  Goggle”  (PNVG)  systems.  Ingenious  uses 
of  optics  and  image  intensifier  tubes  have  significantly 
expanded  the  pilots5  field  of  view  (FOV)  wearing  NVGs 
from  40  degrees  to  a  100  degrees  FOV.  Flight  and 
laboratory  tests  have  demonstrated  a  marked  increase  in 
situational  awareness  in  concert  with  the  160  percent- 
increased  FOV.  Additionally,  test  and  evaluation  sorties 
on  multi-type  airframes  have  won  high  accolades  from 
pilots  all  too  familiar  with  flying  with  the  older  40-degree 
FOV  goggles.  However,  despite  these  innovations,  there 
remain  design  hurdles  critical  to  fielding  and  sustaining 
these  new  devises.  A  modular  platform  concept  is 
proposed  for  the  PNVG  II  version.  This  would  give 
maintained  flexibility  in  minimizing  maintenance 
downtime  by  eliminating  common  solder  repairs  typically 
found  in  current  NVG  designs.  A  modular  design  would 
also  allow  the  image  performance  to  be  assessed  using  the 
recently  purchased  and  costly  Hoffman  ANV-126  tester. 
Advanced  optical  designs  on  the  PNVG  prohibit  the  same 
field  level  repairs  that  are  being  performed  on  currently 
fielded  NVGs  with  more  simple  lenses.  Modular  lens 
sections  would  allow  a  lens  change  as  quick  as  a 
photographer  using  a  35mm  camera  would.  This  modular 
design  concept  will  prevent  services  from  having  to  revert 
to  a  centralized  depot-level  repair  of  these  high  demand 
devises.  An  item  that  can  be  repaired  in  the  field  is  an 
item  that’s  available  for  sortie  generation.  Night  vision 
goggle  maintenance  in  the  Air  Force  has  evolved  into  a 
self-sustained  operation  that’s  given  it’s  users  shorter 
maintenance  repair  times  and  higher  availability  rates  for 
these  devises.  There’s  never  been  a  better  time  for  a 
modular  NVG  design  than  with  the  advent  of  the  PNVG 
system. 

INTRODUCTION 

There  are  two  configurations  of  the  Panoramic  Night 
Vision  Goggles  and  several  versions  of  each, 
incorporating  various  features.  The  first  configuration, 
PNVG  I,  was  designed  primarily  for  use  in  high 
performance  aircraft.  Its  robust  design  integrates  frame, 
lens  and  goggle  components  enabling  retention  of  the 
devise  during  an  ejection. 


PNVG  II  incorporate  the  same  field  of  view  as  version  I, 
but  utilizes  the  more  traditional  frame  assembly  designed 
to  integrate  with  current  NVG  helmet  mounts.  The 
PNVG  II  prototype  design  borrowed  off-the-shelf  frame 
components  for  its  frame  and  mount  assemblies.  This 
allowed  the  PNVG  II  to  integrate  with  all  the 
conventional  NVG  aviator  helmet  mounts  in  the  US 
inventory.  In  addition  to  aligning  the  NVG  mount  design 
with  helmet  mounts  already  in  service,  it  also  saved  the 
cost  of  redesigning  a  new  frame  assembly.  The  uses  of 
these  type  frames  were  convenient  in  allowing  test  and 
evaluations  of  the  PNVG’s  advances  in  optics  and  image 
intensifiers.  However,  many  of  the  benefits  gained  using 
off-the-shelf  frame  assemblies  will  be  significantly  offset 
if  they’re  used  during  production.  This  paper  will 
primarily  focus  on  improvement  opportunities  desired  for 
current  NVG  frame  assemblies  and  required  for  future 
PNVG  II  assemblies.  The  term  PNVG  will  refer  to  the 
PNVG  II  configuration  unless  otherwise  indicated. 

BACKGROUND-MAINTENANCE  HISTORY 

PNVG’s  technological  design  advancement  brings  with  it 
sustainment  issues  common  to  most  system  advances. 
Typically  the  more  complex  a  system,  the  larger  the 
logistical  footprint.  This  point  becomes  more  critical 
when  considering  the  hazardous  two-prong  arenas  the 
PNVGs  will  be  used,  flight  and  war.  This  paper  will 
discuss  some  of  the  challenges  and  concerns  anticipated 
during  the  final  design  and  sustainment  phases  of  this 
important  new  system.  To  appreciate  these  issues,  one 
must  be  familiar  with  the  evolution  of  NVG  maintenance 
in  the  Air  Force. 

In  the  “early  days”  of  NVGs  in  the  Air  Force,  field 
technicians  performed  only  visual  inspections  of  NVG 
systems.  If  there  were  any  anomalies  noted,  the  goggles 
were  packaged  and  sent  to  the  depot  for  more  in-depth 
examination.  Aircrew  Life  Support  technicians 
maintaining  the  goggles  wouldn’t  see  the  goggles  again 
for  several  weeks.  This  created  an  unacceptable  turn¬ 
around  time  for  these  high  demand  devises.  This  drove 
the  evolution  of  a  two-tier  field  maintenance  program, 
Intermediate-Level  (I-Level)  and  Organizational-Levels 
(O-Level). 
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The  O-level  technicians  still  performed  only  visual 
inspections  but  began  utilizing  a  hand-held  Assessor  that 
provided  a  resolution  grid.  The  Assessor  allowed 
technicians  to  quickly  assess  the  NVG’s  image  qualities 
for  obvious  defects  in  various  light  conditions.  Distortion 
inspections  however,  required  the  technician  to  fabricate  a 
tic-tac-toe  type  grid  to  access  the  goggles  for  image 
distortion.  Another  target  was  necessary  to  measure  the 
size  and  position  of  dark  spots  in  the  image  intensifier 
tubes  that  would  obscure  the  pilots’  view.  Once  again,  if 
any  defects  were  suspected,  the  goggles  were  sent  to  the 
higher  I-level  maintenance. 

Avionics  (Sensors)  technicians  assumed  the  I-Level 
maintenance  duties.  I-Level  maintenance  tasks  included 
all  inspections  and  repairs  necessary  to  maintain  the 
goggles.  With  the  additional  maintenance  tasking  came  a 
more  sophisticated  test  set,  the  TS-3895.  Like  the  hand¬ 
held  Assessor,  the  TS-3895  test  set  provided  a  basic 
resolution  target  that  allowed  the  technician  to  assess  the 
NVGs  visual  clarity,  in  both  the  high  and  low  light 
conditions.  It  also  provided  the  means  to  check  the 
goggles’  electrical  functions  for  excessive  current  drain 
and  the  operation  of  the  power  packs.  I-level  technicians 
were  qualified  to  perform  all  authorized  repairs  on  the 
night  vision  goggles  including  soldering  and  nitrogen 
purging. 

Although  very  dedicated,  the  Avionics  technician’s 
support  of  the  NVG  program  was  often  secondary  to  their 
primary  support  of  the  aircraft’s’  ship-side  avionics.  This 
two-tier  maintenance  program  did  reduce  repair  times 
compared  to  sending  NVGs  off  base,  but  still  lagged 
behind  the  ever-increasing  demand  for  an  even  shorter 
turn  around  time  by  the  user. 

The  proliferation  of  NVGs  further  burdened  the  Avionics 
branches  as  reflected  in  the  increased  turn-time  for  I-level 
NVG  maintenance.  Another  factor  was  the  aggressive 
force  reductions  that  lessened  the  maintainers  available  to 
perform  the  maintenance. 

Life  Support  Command  Managers  saw  opportunities  to 
reduce  the  maintenance  turn-time  by  further  reducing  the 
maintenance  levels  maintaining  their  NVGs.  They  began 
training  their  O-Level  technicians  to  assume  I-Level 
duties.  Those  trained  were  provided  the  TS-3895  tester  in 
addition  to  nitrogen  for  purging.  These  new  I-Level 
maintainers  performed  all  NVG  inspections  and  repairs 
except  soldering. 

Soldering  night  vision  goggles  requires  a  “High 
Reliability”  solder  certification  due  to  the  goggles  critical 
nature.  Due  to  the  frequent  turnover  of  active  duty 


technicians,  it  was  frustrating  to  continually  pay  for  this 
training.  Many  units  continued  to  rely  on  the  Avionics 
technicians  for  solder  support  via  local  support 
agreements.  Since  solder-repairs  were  restively 
uncommon  NVG  maintenance  tasks,  it  made  mor«.  fiscal 
sense  to  establish  local  support  agreements  for  soldering 
than  to  invest  in  costly  repetitive  solder  training.  Once 
again  the  goggles  were  being  sent  away  for  solder-type 
repairs.  Avionics  frequently  lacked  either  the  manpower 
or  time  to  quickly  perform  these  solder  repairs  while  also 
maintaining  their  own  equipment.  Although  mission- 
ready  rates  for  night  vision  goggles  are  not  tracked,  any 
experienced  NVG  technician  would  attest  to  the  lengthy 
downtimes  for  goggles  requiring  extensive  repairs. 

Life  Support  Command  Manager’s  once  again  moved  to 
make  for  more  mission  ready  devises.  They  increased  the 
manning  at  units  maintaining  night  vision  goggles. 
Additionally,  solder  training  was  added  as  a 
recommended  optional  training  requirement  to  the 
Aircrew  Life  Support  career  field.  However,  many  Life 
Support  units  have  opted  for  continued  use  of  the  local 
support  agreement  with  the  Avionics  shops. 

The  following  discussions  propose  particular  design 
concerns  to  current  NVG  systems  that  could  and  should 
be  resolved  with  production  of  any  PNVG  II  systems. 
They  are  areas  affecting  reliability  and  ready-rates  for 
these  critical  devises. 

MAINTENANCE/DESIGN  LIMITATIONS 

a.  Soldering 

Despite  the  simplicity  in  design,  NVG  repairs  requiring 
soldering  are  extremely  time-consuming.  Two  thin  wires 
bring  current  via  the  helmet  mount,  from  the  power  pack 
into  the  image  intensifier  tubes  inside  the  monocular 
housing.  Very  often  these  wires  break  from  another 
design  flaw  that  will  be  described  later.  Anytime  the 
wires  break,  the  monocular  housing  holding  the  wires 
must  be  either  replaced  or  the  wires  reattached  to  their 
solder  point.  Prior  to  any  soldering,  the  image  intensifier 
tubes  must  be  removed.  Any  heat  conduction  down  the 
wires  from  the  solder  iron  would  irreparably  damage  the 
costly  image  intensifier  tubes.  This  leads  to  lengthy 
repairs  and  excessive  down  times. 

b.  Lengthy  Repairs 

Even  the  most  common  and  simple  NVG  repairs  are  very 
time  consuming.  Scratched  lenses  and  broken  monocular 
housings  have  become  common  as  both  the  use  and  life  of 
the  goggles  increase.  Replacing  the  lenses  or  tubes  first 
require  draining  the  goggles  of  their  nitrogen  charge.  The 
lens  assemblies  are  first  removed  to  gain  access  to  the 
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intensifier  tube.  After  the  tube  is  removed,  the  monocular 
housing  is  disassembled  from  the  pivot  adjustment  shelf 
'  (PAS)  to  gain  access  to  the  wires  requiring  soldering.  The 
damaged  housing  is  then  removed  by  de-soldering  the 
wires  joining  the  housing  to  the  printed  circuit  board.  The 
new  housing  is  installed  and  the  new  wires  soldered  in 
place.  The  goggles’  components  are  then  reattached  to 
the  housing.  However,  as  part  of  the  re-assembly  of  the 
NVG?  the  technician  must  still  adjust  the  eyepiece  and 
objective  lens  assemblies  for  proper  focus. 

This  lengthy  repair  process  is  very  common  and  takes  an 
experienced  technician  at  least  two  hours.  If  the 
technician  is  not  familiar  with  these  procedures  and 
forced  to  rely  on  the  technical  order,  add  at  least  four 
more  hours.  However,  if  the  damaged  goggles  were  sent 
to  an  Avionics  back-shop,  an  average  of  at  least  two  days 
turn  time  can  be  expected.  This  time-consuming  repair 
process  has  become  even  more  common  as  the  aging 
goggles  require  replacement  of  tubes,  lenses  and 
housings. 

Many  units  currently  maintain  several  spare  goggles  to 
allow  for  this  now  accepted  high  maintenance  down  time. 
This  costly  way  of  ensuring  mission  readiness  is  an 
unlikely  answer  when  considering  the  potential  high-cost 
of  PNVGs.  The  maintenance  downtime  of  NVGs  could  be 
significantly  reduced  with  basic  design  improvements. 

e.  Purge  Valves 

Night  vision  goggles5  current  design  require  a  nitrogen 
charge  in  the  monocular  housing  to  prevent  damaging 
moisture  from  entering  the  inner  housing  where  the  image 
intensifiers  are  stored.  NVG’s  are  charged  with  nitrogen 
through  a  process  called  Purging. 

During  purging,  the  outer  purge  valve  is  removed  to  allow 
insertion  of  a  metallic  adapter  into  the  plastic  sleeve. 
Inserting  the  metallic  adapter  into  the  threaded  plastic 
sleeve  frequently  results  in  stripped  threads.  When  this 
occurs,  the  entire  monocular  housing  must  be  replaced  as 
described  above.  Once  the  adapter  is  in  place,  the  inner 
purge  valve  is  loosened  to  allow  a  flow  of  nitrogen  that’s 
being  blown  in  from  the  outer  valve. 

To  gain  access  to  the  inner  valve,  an  offset  (L-shaped) 
screwdriver  is  recommended  in  the  technical  order. 
Despite  using  the  proper  tool,  the  space  between  the 
housings  is  too  tight  to  effectively  accommodate  any 
tools.  This  usually  results  in  damaged  aluminum  valves 
or  plastic  valve  sleeves  as  the  technician  tries  to  vent  the 
nitrogen.  The  purge  procedure  was  rewritten  establishing 
an  alternate  purge  method  that  called  for  use  of  only  the 
outer  valve.  Although  this  eliminated  further  damage  to 


the  inner  purge  valve  and  port,  it  was  not  as  effective  a 
purge  method. 

The  new  procedure,  “Zero  Pressure,”  required  the 
removal  of  the  outer  purge  valve  to  allow  insertion  of  the 
nitrogen.  Once  the  system  was  charged,  the  nitrogen  line 
was  removed  so  that  the  valve  could  be  reinstalled.  This 
exposed  the  nitrogen  filled  chamber  to  the  atmosphere  as 
the  technician  reinstalled  the  valve,  leaving  zero  pressure 
in  the  chamber. 

Cross  threading  is  an  extremely  common  problem  while 
inserting  either  the  metal  purge  adapter  or  the  metal  purge 
valve  into  the  plastic  sleeve.  When  cross  threading  occurs 
the  entire  monocular  housing  must  be  replaced. 

The  system’s  design  would  be  dramatically  improved  by 
providing  more  creative  and  less  labor  intensive  means  to 
eliminate  moisture  from  the  image  intensifier  tube 
chamber.  Perhaps  the  use  of  a  moisture  absorbent  liner  or 
a  desiccant-type  devise  could  be  incorporated  in  future 
designs. 

Improved  purge  valves  could  also  be  the  answer  to  this 
dilemma.  Future  housing  designs  could  utilize  valves 
similar  in  design  to  those  found  on  pneumatic  tires.  This 
would  allow  the  technician  to  quickly  purge  the  chamber 
with  nitrogen  by  attaching  a  gas-station  type  hose  to  the 
valve.  Depressing  the  valve’s  nipple  would  easily  purge 
the  chamber  during  both  filling  and  repairs.  This  would 
dramatically  extend  the  life  of  the  housing  by  eliminating 
damages  incurred  during  the  purging  processes  utilizing 
today’s  methods  and  designs. 


Figure  1.  Purge  Valves 

d.  Housings 

Housings  were  recently  improved  by  eliminating  the 
saddle  to  housing  configuration.  Previously,  the  “saddle” 
was  glued  to  the  monocular  housing  and  served  to  join  the 
housing  to  the  PAS.  This  saddle  to  housing  bond  point 
was  often  damage  by  aircrews  during  removal  of  the 
goggles.  They  would  remove  the  NVGs  by  grasping  them 
with  one  hand  and  forcing  the  goggles  away.  Although 
not  recommended,  this  action  was  sometimes  necessary  as 
the  flyers  were  often  flying  the  jet  with  their  other  hand. 
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This  removal  process  would  often  over-torque  the  bond 
joint  causing  it  to  snap. 

Another  housing  design  limitation  is  the  threaded  sleeve 
on  top  of  the  housing  that  holds  the  adjustment  Inter- 
Pupillary  Distance  (IPD)  screw.  The  metal  screw  turning 
within  the  plastic  threads  quickly  strips  the  threads 
requiring  the  replacement  of  the  entire  monocular 
housing. 

The  addition  of  metallic  threaded  sleeve  into  the  plastic 
housing  would  dramatically  extent  the  housing’s  life.  A 
replaceable  lightweight  durable  sleeve  made  from 
advanced  composites  would  be  ideal.  This  low  cost 
alternative  would  allow  technicians  to  replace  the 
damaged  threaded  section  instead  of  the  entire  housing. 
Although  this  might  add  some  weight  to  the  goggle,  it 
would  significantly  improve  the  goggle’s  durability  while 
lowering  the  overall  maintenance  cost. 

e.  Knobs 

Ergonomically  designed  adjustment  knobs  for  Tilt, 
Fore/AFT,  and  IPD  would  dramatically  enhance  any 
future  designs.  Compare  the  infinity  focus  adjustment 
knobs  of  the  AN/AVS-6  to  the  AN/AVS-9  (F4949).  The 
F4949's  knobs  are  superior  to  the  knobs  of  the  AN/AVS- 
6.  They're  designed  for  flyers  wearing  flight  gloves. 
Bigger  knobs  are  easier  to  find  and  use. 

The  current  Tilt  lever  is  difficult  to  locate  and 
cumbersome  to  use-especially  while  wearing  flight 
gloves.  Imagine  performing  these  adjustments  while 
wearing  three  layers  of  gloves,  as  is  done  when  flyers’  are 
suited  for  a  chemical  environment.  Keep  in  mind  that  the 
Tilt,  Vertical  &  Fore/Aft  are  actually  used  in  flight ,  as 
opposed  to  the  IPD  and  diopter  focus  knobs  which  are 
only  used  during  preflight  adjustments.  Rocker-type 
knobs,  like  those  found  on  many  binoculars  might  prove 
ideal  for  most  of  the  NVG  adjustments. 

f.  In-Flight  Goggle  Storage 

An  A- 10  mishap  involving  a  NVG  storage  case  tangling 
with  the  flight  controls  has  drawn  new  concern  for  the 
design  of  NVG  storage  cases  and  alternate  storage 
methods.  This  is  particularly  true  for  the  fighter 
community  since  there’s  limited  cockpit  space  to  store  a 
box-shaped  case.  A  small,  firmly  padded  helmet  bag-type 
design  would  protect  the  goggles  and  could  be  easily 
stored  in  either  their  flight  suit  leg  pocket  or  map  bins. 
Another  concept  is  a  hard-mount  on  the  interior  of  the 
flight  station.  The  pilot  could  remove  the  goggles  and 
attach  them  to  this  mount. 


Figure  2.  Increased  Tilt 

g.  Increased  Adjustment  Range 

Increasing  the  range  of  mechanical  motion  in  future 
goggle  designs  would  allow  better  fit  for  the  aircrews. 
One  way  is  to  provide  a  wider  range  of  tilt.  Current 
goggles  provide  only  ±  4  degrees  tilt  from  the  center 
position.  A  wider  range  would  improve  the  optical 
alignment  process  by  making  it  quicker  and  more 
personally  accommodating.  It  would  also  help  helicopter 
gunners  and  loadmasters  look  down  easier  with  less  neck 
strain. 

Increased  Fore  and  Aft  movement  would  allow  a  more 
comfortable  wear  for  flyer’s  wearing  prescription 
spectacles.  It  would  also  improve  the  look-under 
capability  required  when  scanning  gages. 

h.  Wire-to-Circuit  Board  Design 

Current  from  the  helmet  mount  is  delivered  to  a  flexible 
circuit  board  in  the  pivot  and  adjustment  shelf  (PAS). 
The  current  is  then  delivered  to  the  image  intensifier  tubes 
via  two  wires  extending  from  the  monocular  housing.  The 
two  wires  are  soldered  to  the  flexible  circuit  board  and 
tend  to  flex  at  the  solder  joint  as  the  housing  is  moved 
side-to-side  during  IPD  adjustments.  These  adjustments 
are  performed  during  the  preflight  optical  alignment 
process.  The  flexing  of  the  wires  at  the  solder  joint 
eventually  causes  either  a  cold  solder  joint  where  no 
current  is  flowing,  or  causes  the  wire  to  completely  break. 
When  this  occurs,  the  image  either  flickers  or  will  not 
illuminate,  thus  requiring  the  extensive  repairs  described 
earlier  in  “Lengthy  Repair.” 

A  more  durable  electrical  system  is  needed  to  enhance  in 
the  next  generation  of  night  vision  goggles  and  is 
proposed  in  the  following  section. 
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L  Excessive  Housing  “Wobble55 
The  monocular  housings  rest  on  a  pin  that  runs  the  length 
of  the  pivot  adjustment  shelf.  The  housings  slide  side-to- 
side  along  the  pin  as  the  user  adjusts  the  goggles  for 
proper  inter-pupillary  distance  or  IPD.  There’s  an 
inherent  wobble  of  the  monocular  housings  as  they  ride 
on  this  pin.  The  wobble  is  not  dramatic,  but  certainly 
effects  how  the  image  is  transmitted  to  the  user’s  retina. 

Technicians  invest  time  ensuring  the  focal  points  on  the 
eyepiece  lenses  are  parallel  or  collimated.  The  monocular 
housings  are  held  parallel  when  they’re  inserted  into  the 
ANV-126  tester’s  ports.  The  housings  wobble  defeats 
the  collimating  efforts  attained  during  optical 
adjustments.  Improved  precision  in  the  mechanical 
movements  of  future  NVG  designs  is  needed  to  eliminate 
or  reduce  this  wobble. 

MODULAR  DESIGNS 

Current  NVGs  utilize  designs  requiring  lengthy  repair 
processes  to  perform  even  the  most  simple  repair  tasks. 
The  following  modular  designs  proposals  attempt  to 
suggest  various  design  improvement  opportunities  that 
would  dramatically  reduce  the  maintenance  turn-times 
while  extending  the  overall  life  of  future  NVG  systems. 

a.  Rapid  Repair 

A  more  robust  electrical  system  requiring  minimal  (or 
none)  solder  repairs  would  be  ideal.  One  such  system 
could  be  a  track-type  system  similar  to  those  found  in 
track  lighting  systems.  This  concept  would  allow  rapid 
repairs  to  extensively  damaged  systems.  The  technician 
could  quickly  “slide”  the  faulty  component  from  the  track 
and  replace  it  with  a  spare.  This  would  enable  the 
technician  to  quickly  replace  the  damaged  component 
with  a  serviceable  one  without  hampering  the  mission. 


Figure  3.  Modular  NVG  Design 
b.  Preventive  Maintenance 

A  modular  NVG  design  would  allow  incorporation  of 
preventative  maintenance  procedures  to  current 


maintenance  schedules.  Removing  abrasive  components 
such  as  sand  would  decrease  the  maintenance  downtime 
while  extending  the  life  of  the  overall  system.  A  modular 
design  would  allow  the  goggles  to  be  easily  “broken- 
down”  and  cleaned  in  the  way  someone  might  breakdown 
a  weapon  for  cleaning. 

c.  Tester  Compatibility 

PNVGs  will  require  routine  inspections  for  image 
qualities  such  as  resolution  and  gain  that  are  currently 
performed  using  the  newly  purchased  ANV-126  Hoffman 
testers.  The  ANV-126  tester  has  two  ports  to 
accommodate  the  two  objective  lenses  found  in  current 
NVG  designs.  However,  the  four  objective  lenses  found 
on  the  PNVG  will  prevent  technicians  from  performing 
these  critical  checks  using  the  tester’s  current  design.  The 
tester  would  require  extensive  modification  to 
accommodate  the  four  objective  lenses. 


Figure  4.  Hoffman  AN- 126  Tester 


According  to  the  tester’s  item  manager,  the  Air  Force 
recently  spent  approximately  $5M  outfitting  units  with 
these  new  high-tech  testers.  A  modular  design  would 
allow  the  PNVG  to  easily  integrate  with  the  new  ANV- 
126  tester  by  allowing  the  technician  to  separate  the 
goggle  sides  and  independently  inspect  them  in  the  tester. 
The  tester  would  still  require  minor  modifications  such  as 
an  adapter  plate  and  power  cord.  The  cost  associated  with 
these  modifications  would  pale  compared  to  a  complete 
redesign  and/or  purchase  of  the  new  testers. 

d.  Optics 

It’s  assumed  the  lenses  on  any  future  NVG  designs  will 
eventually  require  repairs  due  to  normal  wear.  The 
complexity  of  the  folded  optics  on  the  PNVG’s  outboard 
objective  lenses  is  beyond  the  repair  capabilities  of  both 
technicians  and  support  equipment  currently  in  the  field. 
Based  on  the  problems  described  earlier,  returning  to  a 
depot-level  repair  system  is  a  highly  undesirable  scenario. 

A  modular  lens  design  would  solve  this  dilemma.  Lenses 
could  be  designed  in  modular  sections  and  would 
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incorporate  the  complex  folded  optics  found  in  the 
outboard  objective  lenses.  Additionally,  the  PNVG 
eyepiece  lenses  incorporate  a  two-section  lens  design. 
Any  damage  to  either  of  the  sections  will  require  the 
replacement  of  both  lenses.  Like  the  objective  lenses 
described  earlier,  repair  of  these  lenses  is  beyond  the 
capabilities  of  both  technicians  and  equipment  currently 
in  the  field. 

Lens  modules  could  be  designed  with  bayonet-type  fitting 
like  those  found  on  camera  lenses.  This  would  allow  for 
quick  repairs  to  damaged  lenses.  Modular  lenses  would 
also  allow  NVGs  to  be  quickly  modified  with  different 
coated  lenses  to  meet  various  cockpit  and  mission 
configurations.  The  ability  to  easily  change  lenses  will  so 
ensure  the  ability  of  the  PNVGs  to  evolve  with  the 
development  of  new  optical  coatings  and  lens 
configurations. 

e.  Pivot  Adjustment  Shelf  Components 

A  system  utilizing  individual  components  for  its  pivot 
adjustment  shelf  would  provide  several  advantages.  It 
would  allow  the  technician  to  replace  the  specific  faulty 
sub-component  instead  of  the  entire  assembly.  Cost 
savings  are  the  obvious  benefits  realized  with  this 
concept.  Another  benefit  would  be  allowing  technicians 
to  disassemble  the  NVG  for  preventive  maintenance  as 
described  above. 

Conclusion 

Lessons  learned  in  recent  and  not-too-distant  conflicts 
demand  inter-changeable  components  and  rapid  repair 
capabilities  in  modem  weapon  systems.  Users  have 
grown  to  rely  heavily  on  night  vision  technologies  and 
expect  these  important  systems  to  be  available  when 
needed  in  the  next  conflict.  Any  future  NVG  system  must 
be  easily  maintained  at  the  field  level. 

Although  these  design  suggestions  would  require  some 
investment,  they  are  long  over  due.  Their  incorporation 
would  certainly  yield  a  product  that's  much  easier  to  use, 
maintain  and  sustain  during  any  future  war-environment. 
The  current  monocular  housing  and  PAS  designs  were 
great  15  years  ago,  but  have  been  slow  to  evolve  into 
more  maintenance  and  user-friendly  designs.  There  are 
many  improvement  opportunities  available  for  those 
willing  to  invest  in  them. 

The  push  in  optical  and  tube  design  that  PNVG’s  have 
made  needs  to  be  met  with  a  similar  advances  platform 
design.  Hopefully  this  will  spark  innovation  in  creating  a 
new  NVG  mount  design  that  blends  weight  concerns  with 
both  the  functionality  and  sustainability  of  the  devises. 


Tomorrow’s  combat  missions  will  be  built  on  the 
assumption  of  the  availability  of  night  vision  goggles  and 
regardless  of  their  complexities,  will  be  expected  to  be 
available  and  ready  for  mission  use-not  awaiting  repairs. 
The  advent  of  Panoramic  Night  Vision  (PNVG)  escalates 
this  concern.  The  PNVG  will  have  twice  as  many  lenses 
and  tubes  as  do  conventional  NVGs.  Logically,  the 
potential  for  system  failure  is  multiplied  by  as  many. 
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ABSTRACT 

Due  to  the  design  of  the  eyepieces  of  the  panoramic  night  vision  goggles  (PNVG)  and  the  newer  integrated  panoramic  night 
vision  goggles  (IPNVG),  the  eyepiece  will  have  a  fixed  focus.  This  means  the  eyepiece  will  be  set  to  some  fixed  value  resulting  in 
a  virtual  image  of  the  image  intensifier  tube  at  some  fixed  distance  between  infinity  and  the  observer.  This  eyepiece  setting  is 
specified  in  terms  of  diopters  where  the  diopter  value  is  the  negative  of  the  reciprocal  of  the  virtual  image  distance  in  meters. 
Cat's  Eyes  night  vision  goggles  (NVGs)  used  by  the  US  Navy  reportedly  had  a  fixed  focus  of  about  -1.0  diopters.  This  paper  will 
discuss  the  theoretical  basis  for  the  diopter  setting  and  the  results  of  various  field  surveys  and  in-house  tests  to  determine 
observers' preferences  regarding  eyepiece  focus  settings  and  objective  measures  of  their  resulting  visual  acuity. 

INTRODUCTION  AND  BACKGROUND 

The  panoramic  night  vision  goggles  (PNVG)  produce  an  intensified  field  of  view  of  approximately  100  degrees  horizontal 
by  40  degrees  vertical  by  combining  the  images  from  a  total  of  4  image  intensifier  tube  channels'.  Both  eyes  see  the  central 
part  of  the  field  of  view  through  the  two  inboard  channels,  but  only  the  right  eye  sees  the  right  outboard  channel  and  only 
the  left  eye  sees  the  left  outboard  channel.  The  inboard  and  outboard  channels  are  combined  by  using  two  eyepieces 
cemented  together  at  an  angle  to  produce  two  "windows"  through  which  the  image  is  seen  (see  Figure  1).  Normally, 
eyepiece  focus  is  obtained  by  installing  the  eyepiece  lens  in  a  movable  lens  cell  that  can  be  moved  closer  to  or  further  from 
the  output  of  the  image  intensifier  tube.  This  adjustment  moves  the  virtual  image  produced  by  the  eyepiece  closer  to  or 
further  from  the  observer.  However,  the  PNVG  eyepiece  arrangement  makes  it  almost  impossible  to  make  an  eyepiece  that 
can  be  moved  (i.e.  focused).  Therefore,  it  is  desirable  to  select  a  single,  fixed  focus  setting  for  the  eyepiece  that  would  be 
acceptable  to  all  potential  users  of  the  PNVGs. 

There  are  currently  a  dozen  PNVGs  that  have  been  fabricated  under  a  Phase  2  Small  Business  Innovative  Research  (SBIR) 
program  primarily  funded  by  the  US  Air  Force  Research  Laboratory  Helmet  Mounted  Sensory  Technology  (HMST) 
program  office.  These  PNVGs  were  specified  to  have  a  fixed  focus  eyepiece  of  -0.75  diopters  which  means  the  virtual  image 
produced  by  the  eyepieces  would  be  located  about  1.33  meters  from  the  observer  (1/0.75).  Four  of  these  PNVGs  were 
measured  using  a  handheld  dioptometer  (see  Figure  2)  that  showed  the  actual  settings  ranged  from  -0.2  to  -1.0  diopters6. 
These  PNVGs  have  been  flown  by  several  aircrew  members  without  any  complaints  regarding  image  quality  and  focus  that 
could  be  attributed  to  the  diopter  setting  indicating  that  a  fixed  diopter  setting  within  this  range  should  be  acceptable. 

The  US  Navy  adopted  the  Cat's  Eyes  NVGs  over  a  decade  ago  and  only  recently  has  converted  to  the  newer,  higher 
resolution  AN/AVS-9  NVGs.  The  Cat's  Eyes  NVGs  have  a  fixed-focus  eyepiece,  reportedly  specified  to  be  about  -1.0 
diopters,  because  of  the  unique  "see-through"  beamsplitter  design.  During  the  10  years  or  so  that  the  US  Navy  flew  with 
these  NVGs  there  was  no  documented  indications  that  the  pilots  had  any  problems  with  the  fixed  focus  eyepiece. 

The  US  Air  Force  currently  flies  F4949  (AN/AVS-9)  NVGs  which  have  adjustable  eyepieces  with  a  range  of  about  +2  to  -4 
diopters.  These  eyepieces  are  adjusted  by  the  aircrew  members  themselves  for  "best  focus."  One  approach  to  determining 
what  eyepiece  focus  would  be  appropriate  is  to  measure  the  settings  that  crewmembers  are  selecting  for  themselves  currently 
using  the  adjustable  eyepieces. 
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All  rated  aircrew  members  must  pass  a  flying  physical  before  they  are  permitted  to  fly.  This  physical  includes  an  eye  test 
that  measures  the  individual's  visual  acuity  for  both  far  (infinity  -  0  diopters)  and  near  (about  16  inches  -  about  2.5  diopters). 
Therefore  anyone  passing  a  flight  physical  should  be  able  to  focus  on  an  image  produced  anywhere  from  16  inches  (-2.5 
diopters)  to  infinity  (0  diopters)  implying  that  the  eyepiece  fixed  focus  lens  could  be  set  anywhere  within  this  range  (0  to  - 
2.5  diopters).  However,  if  the  individual  had  to  be  fitted  with  bifocal  lenses  in  order  to  see  this  range  (near  and  far)  this 
indicates  the  individual's  accommodative  range  was  less  than  2.5  diopters.  Since  the  upper  lenses  are  set  for  the  "far"  vision, 
and  this  is  the  part  of  the  eyeglasses  the  individual  would  be  looking  through  to  see  the  NVGs,  it  would  be  inadvisable  to 
have  the  NVG  image  produced  too  close  to  the  individual. 

In  order  to  obtain  more  information  that  might  facilitate  a  selection  of  a  fixed  eyepiece  focus  for  the  new  integrated 
panoramic  night  vision  goggles  (IPNVG),  three  activities  were  undertaken:  a  controlled  in-house  pilot  study  of  eyepiece 
focus  preference  and  repeatability,  eyepiece  measurement  of  a  dozen  US  Navy  Cat's  Eyes  NVGs,  and  measurement  of 
USAF  aircrew  members'  eyepiece  settings  using  AN/AVS-9.  This  paper  provides  a  summary  of  these  efforts  and  the 
results. 


Figure  1.  Panoramic  night  vision  goggles  Figure  2.  Dioptometer  used  to  measure  eyepiece  settings 

IN-HOUSE  STUDY  OF  EYEPIECE  FOCUS  SETTING 
Method 

A  brief  pilot  study  was  conduct  using  AN/AVS-9  NVGs  with  adjustable  eyepiece  focus.  A  total  of  6  observers  participated. 
The  observers  ranged  in  age  from  31  years  to  47  years  with  a  mean  of  38.8  years  and  a  standard  deviation  of  5.6  years  (3  male,  3 
female).  All  observers  had  20/20  distance  vision  and  wore  either  contacts  or  eyeglasses.  There  were  two  parts  to  this  study.  In 
the  first  part  the  NVG  eyepieces  were  set  to  -0.5  diopters  and  -1.5  diopters  and  the  visual  acuity  of  the  observers  was  measured 
using  the  "walk-back"  method  2.  For  the  second  part,  observers  were  asked  to  adjust  the  two  oculars  of  the  NVG  until  they  were 
comfortable  with  the  result.  The  observer's  visual  acuity  and  eyepiece  focus  setting  were  then  measured  and  recorded.  This  was 
done  on  three  consecutive  days  for  a  total  of  three  trials  for  each  observer.  All  viewing  was  done  at  an  "optimum"  illuminance 
level  of  about  1/4  moonlight  illumination. 

Results 

For  the  first  part,  there  was  no  statistically  significant  difference  in  visual  acuity  between  the  two  diopter  eyepiece  settings  (-0.5 
and  -1.5)  .  The  average  visual  acuity  at  -0.5  was  20/24.2  and  the  average  for  -1.5  was  20/25.0.  Four  of  the  six  observers  did 
slightly  better  with  the  -0.5  setting  and  two  did  slightly  better  with  the  -1.5  setting. 

The  results  of  the  second  part  of  the  study  are  best  represented  in  Figure  3.  Each  observer  set  the  right  and  left  oculars  of  an 
NVG  a  total  of  three  times.  The  graph  in  Figure  3  shows  the  observer/ocular  combination  (1L  through  6R)  at  the  bottom  of  the 
chart.  For  each  of  these  observer/ocular  combinations,  the  observer  set  the  eyepiece  focus  3  times  as  depicted  by  the  diamond, 
square,  and  triangle  symbols  shown  in  the  legend.  A  line  was  drawn  from  the  two  extreme  eyepiece  settings  done  by  each 
observer  for  each  eyepiece  indicating  the  range  of  settings  that  a  particular  observer  set  for  that  eyepiece.  Presumably,  this  line  is 
representative  of  the  range  of  values  for  which  the  observer  was  satisfied  with  the  setting.  The  horizontal  line  at  -0.75  diopters  is 
a  potential  eyepiece  value  to  be  selected  for  the  IPNVG.  Note  that  this  -0.75  line  goes  through  the  range  of  9  of  the  12 
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observer/eyepiece  combinations.  For  the  3  combinations  it  misses  (noted  by  a  circle  around  the  combinations  -  1L,  2L,  1R),  the 
amount  it  misses  by  is  not  very  much.  The  maximum  "miss"  is  1L  which  misses  by  -.25  diopters.  The  average  for  the  36 
readings  (2  oculars,  6  observers,  and  3  trials  each)  was  -0,74  diopters;  vety  close  to  the  -0.75  under  consideration  for  the  PNVG 
focus.  The  two  heavy,  horizontal  lines  show  the  average  plus  one  standard  deviation  and  the  average  minus  one  standard 
deviation  for  reference. 
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Figure  3.  Summary  of  results  of  eyepiece  focus  setting.  The  average  of  all  readings  was  -0.74  diopters. 


FIELD  STUDY  OF  EYEPIECE  SETTINGS 

An  unpublished  Air  Force  study  conducted  in  the  early  1990's  surveyed  ANVIS  night  vision  goggle  users  on  a  number  of 
characteristics7.  One  of  the  elements  of  the  survey  was  for  the  aviators  to  set  the  eyepiece  focus  on  the  NVGs  as  they  were 
trained  to  do.  Some  of  the  aviators  had  been  taught  to  just  set  the  eyepiece  focus  to  zero  diopters.  The  remaining  109  aviators 
adjusted  the  eyepiece  focus  for  "best  focus."  This  resulted  in  an  average  eyepiece  setting  of -1.1  diopters  with  a  standard 
deviation  of  about  1.2  diopters.  One  problem  with  this  survey  is  that  the  eyepiece  settings  were  determined  from  the  diopter 
scale  on  the  NVGs.  Even  though  the  particular  ANVIS  night  vision  goggle  that  was  used  had  been  calibrated  at  the  lab  to  insure 
correctness  of  the  scale,  the  scale  was  rather  course  with  an  estimated  "least  count"  of  1/4  diopter.  To  validate  this  data  a  field 
study  was  conducted  at  Nellis  AFB,  NV  with  experienced  NVG  aviators. 

Method 

One  problem  with  collecting  field  data  is  the  lack  of  control.  NVG  qualified  pilots  adjusted  their  NVGs  as  they  had  been  trained 
and  then  were  asked  to  let  us  check  the  eyepiece  focus  setting  on  their  NVGs.  Since  the  diopter  scales  on  the  NVGs  are  not 
always  valid  indicators  of  actual  diopter  setting,  each  ocular  was  measured  using  a  dioptometer  (see  figure  2).  Prior  to 
measurement  the  dioptometer  had  to  be  adjusted  for  the  investigator's  eye  by  adjusting  the  eyepiece  of  the  dioptometer.  This  was 
done  by  setting  the  dioptometer  to  zero  diopters  (see  figure  2)  and  then  adjusting  the  eyepiece  for  best  focus  while  viewing  a 
distant  object  (greater  than  200  feet  -  see  figure  3).  Once  this  adjustment  was  done,  the  investigator  could  use  the  device  to 
determine  the  eyepiece  focus  setting  of  the  NVGs.  The  dioptometer  was  positioned  at  the  eyepiece  of  the  NVG  (see  figure  4) 
and  then  it  was  adjusted  (using  the  scale  portion,  NOT  the  eyepiece  adjustment)  until  the  image  in  the  NVG  eyepiece  was  in 
good  focus.  Best  (most  repeatable)  measurements  were  obtained  by  blocking  light  coming  into  the  NVGs  and  using  the 
scintillation  pattern, as  a  focusing  target.  After  the  dioptometer  was  adjusted  to  obtain  best  focus,  the  diopter  reading  was 
obtained  directly  from  the  scale  on  the  dioptometer  (see  figure  2).  The  scale  was  marked  every  0.2  diopters  and  could  easily  be 
interpolated  to  the  nearest  0.05  diopters. 

Data  was  collected  from  1 1  aviators  that  flew  during  the  data  collection  period.  In  addition,  eyepiece  focus  settings  madp  by  5 
other  aviators  were  also  measured  with  2  of  the  5  participating  twice  to  obtain  an  indication  of  repeatability. 


417 


Results 

The  average  for  the  16  pilots  (2  with  repeated  measures)  for  the  2  oculars  (36  data  points)  was  -0.96  diopters  with  a  standard 
deviation  of  0.78  diopters.  This  is  relatively  close  to  the  -1 .1  diopters  obtained  in  the  unpublished  Air  Force  survey.  The  average 
setting  for  the  1 1  pilots  that  flew  actual  missions  with  the  NVGs  that  they  had  adjusted  during  our  measurement  visit  was  -0.63 
diopters  with  a  standard  deviation  of  0.63. 

One  individual  in  particular  had  a  relatively  high  reading  of  -2.5  diopters  in  each  eye.  In  an  effort  to  determine  the  significance 
of  this  relatively  high  setting,  we  adjusted  an  NVG  to  -0.75  diopters  in  each  eye  and  asked  the  individual  to  look  through  the 
NVGs  at  the  Hoffman  20/20  NVG  tester  to  see  if  he  found  this  setting  acceptable.  His  response  was  that  he  could  probably  adapt 
to  this  setting  but  that  when  he  just  quickly  looked  into  the  tester  (which  provides  a  series  of  bar  patterns  of  different  levels  of 
resolution),  he  could  only  see  about  20/35  Snellen  acuity  whereas  with  the  setting  he  had  adjusted  to  (-2.5  diopters)  he  could 
readily  see  something  better  than  20/25  Snellen  acuity.  Whether  this  is  a  dark  focus  affect,  an  instrument  myopia  effect,  or 
something  else  remains  to  be  seen.  However,  if  there  are  individuals  within  the  NVG  flying  population  that  have  difficulty 
accommodating  to  a  fixed  focus  eyepiece  setting  of  about  -.75  diopters  then  we  need  to  address  this  issue. 

CAT'S  EYES  NVG  MEASUREMENTS 
Method 

A  total  of  12  Cat's  Eyes  NVGs  were  obtained  from  the  US  Navy  to  measure  their  fixed  focus  eyepiece  diopter  setting.  Since 
there  was  an  indication  that  the  Cat's  Eyes  might  have  astigmatism,  a  slightly  different  measurement  strategy  was  used. 
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A  grating  pattern  was  set  up  at  the  end  of  a  long  room  (150  feet  away-  see  figure  5)  and  the  NVG  objective  lens  was  adjusted  for 
best  focus.  The  dioptometer  was  then  adjusted  for  the  investigator's  eye  as  before  and  focused  to  produce  the  best  image  of  the 
vertical  bars.  This  diopter  reading  was  recorded  and  the  grating  was  then  turned  90  degrees  to  produce  horizontal  bars.  Again* 
the  dioptometer  was  adjusted  for  best  focus  of  the  horizontal  bars.  If  astigmatism  was  present  the  horizontal  and  vertical  bars 
would  be  in  focus  at  different  diopter  settings  on  the  dioptometer.  No  consistent  astigmatism  effect  was  found.  A  total  of  four 
observers  made  measurements  of  each  of  the  24  oculars. 

Results 

A  total  of  6  measurements  were  made  for  each  Cat's  Eye  ocular:  3  measurements  from  one  observer  and  1  measurement  each 
from  3  more  observers.  There  was  no  significant  difference  between  observer  measurements.  These  6  readings  were  averaged  to 
obtain  a  single  diopter  value  for  each  of  the  24  oculars.  The  average  diopter  value  for  the  24  oculars  was  -0,24  diopters  with  a 
standard  deviation  (for  the  6  readings)  of  0.07  diopters.  The  optical  power  of  the  24  oculars  ranged  from  -0,07  diopters  to  -0.42 
diopters.  This  is  significantly  different  than  the  reported  specified  value  of -1.0  diopters. 

DISCUSSION  and  CONCLUSIONS 

From  the  results  of  the  different  sections  presented  above,  it  is  apparent  that  there  is  no  obvious  eyepiece  diopter  value  that 
should  be  selected.  The  in-house  study  points  to  a  -0,75  diopters  as  a  reasonable  choice,  the  Nellis  field  data  suggests 
something  between  -0.6  and  -1.0  diopters,  and  the  Cat's  Eyes  data  suggests  that  -0.25  was  an  acceptable  value  for  Naval 
aviators.  In  addition,  the  unpublished  Air  Force  survey  effort  noted  earlier  had  an  average  eyepiece  setting  of  -1.1  diopters 
with  a  standard  deviation  of  about  the  same  size7.  The  unpublished  manuscript  by  Gleason5  concluded  with  several  options 
that  all  involved  a  fixed  setting  with  "snap-on"  auxiliary  lenses.  In  the  Gleason  study,  they  found  the  best  visual  acuity  was 
at  -0,75  diopters,  with  -0,5  diopters  a  close  second.  In  addition,  in  their  "long-term"  wear  study  they  found  subjects 
commented  (unsolicited)  on  discomfort  for  the  fixed  -1.5  diopter  setting  (long-term  was  for  a  4  hour  period)2 3'4.  Based  on 
these  results,  it  appears  that  a  fixed  focus  value  somewhere  between  -0.25  and  -1.0  diopters  should  be  reasonable.  The 
concern  with  selecting  too  high  of  a  minus  value  (e.g.  -1,0)  is  that  hyperopes  (far-sighted  folks)  might  have  difficulties.  On 
the  other  hand,  there  are  some  individuals  that  are  adamant  that  they  need  a  high  minus  value  (e.g,  the  Nellis  anecdote 
related  previously). 

Another  factor  that  needs  to  be  considered  is  the  visual  capability  of  the  individual  if  he/she  needs  to  remove  the  NVGs  and 
just  use  unaided  vision.  If  the  individual  is  presbyopic  (focus  ability  about  gone  due  to  age),  and  he/she  needs  glasses  in 
order  to  see  the  NVG  image  set  for  -1.0  diopters,  then  that  person's  vision  will  be  adversely  affected  if  the  NVGs  are 
removed. 

It  is  apparent  that  further  work  needs  to  be  done  in  this  area.  However,  it  appears  the  current  best  solution  to  the  fixed  focus 
problem  is  probably  to  select  either  -0.5  or  -0.75  diopters  for  a  setting  and  provide  selected  "snap-on"  lenses,  at  least  for  the 
current  program  of  the  IPNVG,  to  achieve  other  settings  (to  be  determined).  This  will  allow  for  an  actual  field  evaluation  of 
the  IPNVG  with  different  eyepiece  focus  settings  and  may  lead  to  an  acceptable,  single  value  for  eyepiece  focus. 
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Abstract 


Technology  is  advancing  to  the  point  where  night  vision  goggle  designs  being  developed  have  wider  fields  of  view  to  help 
achieve  an  increase  in  situational  awareness.  The  appropriate  diopter  setting  for  the  eyepiece  of  these  goggles  needed  to  be 
determined.  Aircrew  members  were  surveyed  to  determine  the  range  of  diopter  settings  they  were  using.  In  order  to 
determine  what  fixed  setting  would  work  the  best,  two  diopter  settings  were  chosen  (-1 .0  and  -0.5)  to  preset  aircrew 
members’  goggles.  The  aircrew  flew  with  these  presettings  and  then  filled  out  a  1 4-question  survey  about  the  diopter 
settings. 


Keywords 

Diopter,  dioptometer,  field  of  view,  night  vision  goggles,  AN/AVS-9,  Panoramic  Night  Vision  Goggle  (PNVG),  integrated 
Panoramic  Night  Vision  Goggle  (iPNVG),  eyepiece  diopter  setting. 

1.  Introduction 


Night  vision  goggles  (NVGs)  were  developed  by  the  US  Army,  but  the  US  Air  Force  first  used  them  for  flying,  in  the  early 
1 970’s,  as  a  temporary  aid  for  helicopter  pilots.1  The  majority  of  currently  fielded  U.S.  Air  Force  aircrew 
goggles  are  the  AN/AVS-9  (Figure  i),  which  have  a  40-degree  field  of  view  (FOV)  and  adjustable  eyepieces,  A  large 
survey  of  U.S  Air  Force  NVG  users  in  1992  and  1993  revealed  that  an  increased  FOV  was  the  number  one  enhancement 
desired  by  aircrew,  with  increased  resolution  a  close  second.2  The  current  prototype  goggle,  the  panoramic  night  vision 
goggle  (PNVG)  (Figure  1)  has  100-degree  horizontal  by  40-  degree  vertical  FOV,  but  it  has  a  fixed-focus  eyepiece.  Currently 
in  development,  the  Integrated  Panoramic  Night  Vision  Goggle  (IPNVG)  will  have  a  95-degree  horizontal  by  38-degree 
vertical  FOV,  and  it  may  also  have  a  fixed-focus  eyepiece. 


‘  Figure  I.  PNVG  and  AN/AVS-9 


Three  studies  were  performed  to  help  determine  what  fixed  diopter  setting  of  the  eyepiece  will  work  for  most  aircrew.  These 
studies  were  conducted  at  several  Special  Operations  Squadrons  in  Ft,  Walton  Beach,  Florida,  This  location  was  selected 
because  of  the  large  number  of  highly  experienced  night  vision  goggle  trained  aircrew  in  the  Special  Operations  community. 
The  first  study  investigated  the  diopter  setting  to  which  aircrew  were  adjusting  their  own  goggles  just  prior  to  their  missions. 
A  second  study  ixjdressed  how  repeatable  aircrew  were  at  setting  their  eyepieces  following  current  NVG  preflight  protocol. 
The  third  study  addressed  how  aircrew  would  tolerate  a  fixed-focus  eyepiece. 


Further  author  information  - 

Sharc.Angcl@wpafb.af.mil;  http://www.hcc.afrl.af.mil;  telephone:  937/255-8894  fax:  937/255-8366 
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2.  Study  I 


Study  l  was  conducted  at  5  US  Air  Force  Special  Operations  Squadrons  in  the  Ft  Walton  Beach,  Florida  area.  It  occurred  in 
August  2000  over  the  course  of  a  week.  The  purpose  was  to  measure  and  record  as  many  eyepiece  settings  from  qualified 
NVG  aircrew  as  possible. 

2.1  Methodology 

2.1.1  Participants:  Ninety-five  aircrew  participated  in  the  diopter  setting  study.  There  were  94  males  and  1  female.  Ages 
ranged  from  21  to  59,  with  a  median  of  33.  The  4th,  5th,  8th,  9th,  and  711th  Special  Operations  Squadrons  participated.  These 
squadrons  were  selected  for  their  large  numbers  of  highly  NVG  qualified  aircrew.  There  were  32  pilots,  12  navigators,  20 
loadmasters,  14  flight  engineers,  8  gunners,  8  radio  operators,  and  I  life  support  technician. 

2.1.2  Apparatus:  The  aircrew  used  their  squadron’s  own  goggles  for  this  study.  There  are  three  power  source  mounts  for 
the  goggles  and  three  types  of  power  sources/goggle  attachments:  hand-held  battery  pack,  opera  mount,  and  the  helmet 
battery  pack.  The  helmet  mount  has  a  battery  pack  in  the  back  of  the  helmet  to  power  the  goggles.  The  hand-held  battery 
pack  is  small  and  lightweight.  The  opera  mount  is  also  a  handheld  power  source,  but  much  bulkier  and  looks  like  a  helmet 
battery  pack  on  a  stick.  The  pilots  and  loadmasters  use  the  helmet  mounts.  The  remainder  of  the  aircrew  would  typically  use 
either  the  hand-held  battery  pack  or  the  opera  mount.  These  goggles  are  pre-flighted  by  aircrew  members  using  the  ANV- 
20/20  (Hoffman  20/20).  The  ANV-20/20  (Figure  2)  is  a  portable  case  containing  optics  with  a  resolution  chart,  which  allows 
aircrews  to  adjust  their  goggles  to  infinity  focus.3  An  investigator  used  a  hand-held  dioptometer  (Figure  3)  to  read  the  diopter 
settings  off  the  eyepieces  of  the  NVGs  after  they  were  set  by  the  aircrew  member.  A  diopter  is  an  expression  of  the  eyepiece 
focus  described  as  the  reciprocal  of  the  image  distance.4 


Figure  2.  ANV-20/20.  Figure  3.  Dioptometer. 


2.1.3  Procedure:  The  aircrew  preflighted  their  own  goggles  as  they  normally  did  for  their  night  missions.  Preflighting  is  a 
term  aircrew  use  to  describe  the  focusing  of  the  night  vision  goggle,  typically  done  shortly  before  departing  on  their  flying 
mission.  After  the  crewmember  adjusts  the  goggles  for  the  distance  between  the  crewmember’s  eyes,  the  crewmember  looks 
into  the  ANV-20/20,  sees  a  resolution  chart,  grossly  adjusts  the  objective  lenses  by  focusing  on  the  coarser  lines  on  the 
resolution  chart,  then  adjusts  one  eyepiece  at  a  time.  The  crewmember  focuses  the  eyepiece  by  first  turning  the  eyepiece 
counterclockwise  which  will  blur  the  image  in  the  positive  diopter  direction.  Next,  the  crewmember  turns  the  eyepiece 
clockwise  until  the  image  is  clear.  For  that  ocular,  the  crewmember  then  returns  to  the  objective  lens  and  “fine  tunes’*  the 
objective  lens  so  that  the  image  of  the  fine  lines  on  the  resolution  chart  come  into  clarity.  There  are  several  procedures  for 
recording  visual  acuity.  Some  aircrew  members  use  the  high-light  level  acuity/low-light  level  acuity  of  both  eyes,  and  some 
aircrew  record  the  visual  acuity  of  each  eye  individually.  We  specified  only  that  the  aircrew  record  the  acuity,  as  they  would 
normally  do  in  th^ir  squadron’s  logs.  The  goggles  were  then  handed  to  the  investigator,  who  read  the  left  ocular  diopter 
setting  to  the  nearest  0.05  diopter  (D)  and  recorded  it  on  a  data  sheet.  This  method  was  repeated  for  the  right  ocular. 
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The  eyepiece  of  the  dioptometer  was  calibrated  for  the  investigator.  The  investigator  first  sets  the  objective  lens  to  0  D.  Next 
the  investigator  must  find  an  object  greater  than  200  feet  away  (Figure  4).  Looking  through  the  dioptometer,  the  investigator 
rotates  the  eyepiece  counterclockwise  to  blur  the  image  and  then  rotates  the  eyepiece  clockwise  until  the  image  is  crisp  and 
clear. 


Figure  4.  Focusing  the  dioptometer. 


To  read  the  diopter  setting  of  the  goggles,  the  investigator,  in  a  darkened  room,  keeps  the  eyepiece  of  the  dioptometer  fixed. 
The  investigator  puts  the  objective  piece  of  the  dioptometer  close  to  the  eyepiece  of  the  goggle.  While  focusing  on  the 
scintillations,  the  investigator  rotates  the  objective  lens  of  the  dioptometer,  counterclockwise  (to  blur  the  scintillations),  and 
then  clockwise  to  bring  the  scintillations  into  the  best  possible  focus.  Scintillations  are  the  “noise”  of  the  image  intensifier 
tubes,  which  appeared  as  sparkles  5  The  diopter  value  was  then  recorded.  All  goggles  were  read  from  left  ocular  to  right 
ocular.  The  aircrew  member  determined  a  visual  acuity  value  by  looking  at  the  resolution  chart  in  side  the  ANV-20/20,  The 
visual  acuity  of  the  aircrew  member  was  recorded  on  the  data  sheet, 

2,2  Results 

There  were  95  aircrew  participants  who  preflighted  their  goggles.  The  diopter  settings  of  the  190  oculars  (95  aircrew  X  2 
oculars)  ranged  from  -3.9  to  -t-0.5  D  with  a  median  of -1 .05  D.  Figure  5  shows  the  estimated  Weibull  distribution  (see 
Appendix  for  a  description  of  Weibull  distribution)  for  the  190  oculars. 


Figure  5.  Estimated  Weibull  distribution  for  95  aircrew.  Referenced  values 
are  5th,  50th  and  95th  percentiles. 
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3.  Study  II 

Study  II  was  conducted  at  the  same  time  as  Study  I.  The  purpose  was  to  see  how  consistent  these  highly  trained  aircrew  were 
at  preflighting  their  goggles. 

3.1  Methodology 

3.1.1  Participants:  Eighteen  aircrew  members  participated  in  the  second  study.  There  were  8  pilots.  3  loadmasters,  2  flight 
engineers,  3  gunners,  and  2  radio  operators.  Ages  ranged  from  21  to  45  years,  with  a  median  of  32  years. 

3.1.2  Apparatus:  The  apparatus  in  this  study  was  the  same  as  that  used  for  Study  I. 

3.1.3  Procedure:  The  same  procedure  was  used  as  in  Study  I,  except  each  crewmember  preflighted  his/her  goggles  a  total 
of  five  times.  After  the  goggle  was  handed  to  the  investigator,  who  read  the  settings  of  both  oculars  with  the  hand-held 
dioptometer,  the  investigator  reset  the  eyepiece  ocular  to  zero  and  handed  the  goggle  back  to  the  aircrew  member. 

3.2  Results 

Figure  6  contains  the  diopter  settings  per  aircrew  individual  for  each  of  the  five  repetitions.  The 

repeatability  limit  (rL)  was  defined  as:  approximately  95%  of  all  pairs  of  adjustments  from  the  same  aircrew  individual  and 
same  ocular  should  differ  in  absolute  value  by  less  than  the  rL.  There  were  some  individuals,  such  as  number  15,  who  were 
much  more  variable  than  other  individuals.  Since  some  of  the  non-pilots  appear  to  be  less  experienced  than  the  pilots  in 
adjusting  their  goggles,  it  was  decided  to  utilize  just  the  pilots  (numbers  1-8)  in  computing  the  rL.  The  rL  of  the  pilots  was 
1.2  D. 

The  pooled  standard  deviation  of  the  left  and  right  oculars  for  Figure  6  was  determined  for  each  aircrew  number.  There  was 
not  a  significant  correlation  between  the  age  and  pooled  standard  deviation  of  the  1 8  aircrew  (R  =  0.30,  p  =  0.2574).  This 
implies  that  there  was  not  a  relationship  between  an  individual’s  age  and  the  spread  of  his/her  five  settings. 


Aircrew  Number 

Figure  6.  Diopter  values  for  each  crewmember,  ocular,  and  adjustment  are  in  the  above  figure.  Within  each  aircrew  number’s  window,  the 
left  ocular  values  are  on  the  left  and  the  right  ocular  values  are  on  the  right.  The  legend  is  the  value  of  the  adjustment  (1-5).  Aircrew 
numbers  represent  aircrew  positions  as  follows:  1-8  pilot,  9-1 1  loadmaster,  12-13  flight  engineer,  14-16  gunner,  17-18  radio  operator. 


4.  Study  III 

* 

The  main  purpose  of  Study  III  was  to  find  out  how  aircrew  liked  certain  fixed  diopter  settings.  Since  the  median  diopter 
setting  from  the  first  study  was  -  1 .05  D,  it  was  decided  to  use  -1 .0  D  as  a  starting  eyepiece  setting.  When  many  of  the 
aircrew  felt  that  -1 .0D  was  unacceptable,  a  diopter  setting  of -0.5  D  was  selected  as  a  second  setting  to  test. 


424 


4.1.1  Participants:  Ninety  aircrew  participated  in  the  November  2000  eye  focus  part  of  Study  III.  There  were  41  pilots,  1 7 
navigators,  12  loadmasters,  12  flight  engineers,  4  gunners,  2  radio  operators,  and  2  flight  surgeons.  These  crewmembers 
came  from  the  4th,  5th,  8l\  9lh,  20th,and  71 1th  Special  Operations  Squadrons. 

Seventy-seven  crewmembers  filled  out  the  questionnaire.  There  were  34  pilots  and  43  non-pilots,  consisting  of  2  women  and 
75  men  with  ages  ranging  from  24  to  57  years  and  a  median  of  36  years.  Forty-three  aircrew  flew  with  the  -1 .0  D  setting  and 
34  aircrew  flew  with  the  -0.5  D  setting.  There  were  4  individuals  who  responded  to  both  the  -0.5  and  -1 .0  D  setting 
questionnaires.  The  NVG  flying  hours  of  all  aircrew  ranged  from  15  to  3000  hours  with  a  median  of  500  hours. 

4.1.2  Apparatus:  The  equipment  was  the  same  as  in  Study  I,  except  there  was  a  questionnaire.  A  logbook  was  used  instead 
of  data  sheets  and  the  eye  focus  aircrew  settings  were  performed  on  a  calibrated  pair  of  goggles  from  AFRL.  The 
questionnaire  included  background  information  such  as  name,  sex,  squadron,  age,  aircrew  position,  and  NVG  flying  hours. 
Further  questions  focused  on  their  flight  with  a  fixed  eyepiece.  These  questions  included:  (1)  whether  they  adjusted  the 
preset  goggles  in  flight,  and  if  they  adjusted  the  preset  goggles  and  why,  (2)  how  long  they  wore  the  goggles  continuously  in¬ 
flight,  and  if  they  looked  away  from  their  goggles  for  an  extended  period,  why,  and  for  what  duration,  (3)  whether  they 
preferred  their  current  goggle  with  the  adjustable  eyepiece  focus  or  a  fixed-focus  goggle  with  a  wider  FOV,  (4)  six  questions 
with  rating  scales  for  finding  their  opinions  on  the  chosen  fixed  settings,  and  (5)  a  comments  section  at  the  end.  Although  the 
questionnaire  had  14  questions,  only  a  couple  are  considered  for  analysis  here.  We  have  analyzed  an  abridged  version 
covering  the  sex  of  the  aircrew  member,  the  age,  the  aircrew  member’s  NVG  hours,  briefly  covering  whether  they  preferred 
their  own  setting  or  the  preset  eyepiece,  which  was  better  with  regard  to  eyestrain,  blurriness,  situational  awareness,  and 
threat  detection. 

4.1.3  Procedure:  For  this  study,  aircrew  preflighted  a  pair  of  laboratory-owned  and  eyepiece-calibrated  AN/AVS-9.  This 
goggle  was  handed  to  the  investigator  who  read  the  settings  to  the  nearest  0.25  D  and  recorded  it  in  the  logbook.  The  aircrew 
member’s  flight  goggles  were  previously  preset  to  either  -1.0  or  -0.5  D  using  the  hand-held  dioptometer.  The  aircrew 
member  used  the  ANV-20/20  to  ensure  that  their  visual  acuity  was  acceptable  by  the  aircrew  member’s  own  standards  for 
flying.  The  specific  visual  acuity  that  is  acceptable  depends  on  the  particular  goggle.  They  recorded  their  visual  acuity  in  our 
logbook.  They  flew  their  scheduled  night  sortie.  When  they  returned  to  the  squadron,  they  filled  out  the  questionnaire. 

4.2  Results 

There  were  185  aircrew  total  from  (Study  I  and  Study  III)  that  were  used  for  diopter  setting  analysis. 

Their  ages  ranged  from  20  to  59  years,  with  a  median  of  34  years.  Seventy-three  pilots  and  1 12  non-pilots  participated, 
including  7  women  and  178  men. 

The  settings  of  the  370  oculars  ( 1 85  aircrew  x  2  oculars)  ranged  from  -3.9  to  +0.5  D  with  a  median  of 
-0.90  D.  Figure  7  shows  the  estimated  Weibull  distribution  for  the  370  oculars. 


Figure7,  Estimated  Weibull  distribution  for  all  aircrew  (referenced  values  are  5lh,  50'\  and  95*  percentiles). 


Figure  8  shows  separate  estimated  distributions  for  the  pilots  and  non-pilots.  The  parameter  estimates  for  pilots  only  were: 
LB=-13.91,  Scale=13.06,  and  Shape=18.1 1.  The  average  of  the  left  and  right  diopter  settings  was  determined  for  each 
aircrew  individual.  There  was  a  significant  difference  in  these  averages  (p  =  0.0216)  between  the  pilots  (N  =  73)  and  other 
aircrew  (N  =  112)  using  the  Wilcoxon  rank  sum  test. 


Figure  8.  Estimated  Weibull  distributions  for  pilots  versus  others  (reference  values  are  50th  percentiles). 


Ocular  disparity  is  the  difference  in  diopter  settings  between  the  right  and  left  eyepiece.  The  absolute  difference  in  ocular 
disparity  ranged  from  0  to  2.5  D  with  a  median  of  0.4  D.  Of  the  1 85  aircrew,  approximately  29%  had  ocular  disparity  greater 
than  0.5  D. 

Table  1 .  This  table  shows  a  summary  of  the  comparison  of  fixed  settings  vs.  the  aircrew  member’s  personal  settings.  We 
compared  fixed  focus  of  either  -1.0  D  or  -0.5  D  to  adjustable  focus.  The  fixed  settings  were  compared  to  the  aircrew 
member’s  personal  setting,  and  how  it  affected:  the  mission,  reducing  eyestrain,  situational  awareness,  reducing  blurriness, 
and  threat  detection. 


Table  1.  Percent  of  aircrew  rating  effect  of  fixed  eyepiece  setting  the  same,  somewhat 
better,  or  much  better  compared  to  personal  setting. 


Effect  of 

Fixed  Eyepiece  Setting 

Percent  Same  or  Better  [ 

i 

b 

o 

l 

UJ 

-0.5  D  (N=34) 

compared  to  personal 

60 

47 

mission  accomplishment 

86 

71 

reducing  eyestrain 

76 

53 

reducing  blurriness 

51 

38 

situational  awareness 

86 

67 

threat  detection 

85 

67 

5.  Discussion/ Analysis 

The  Study  I  excursion  was  a  data  gathering  mission  to  determine  to  what  diopter  values  aircrew  were  setting  their  goggle 
eyepieces.  The  data  were  examined  to  determine  the  best  possible  single  diopter  setting  which  might  work  for  the  NVG 
using  community.  The  median  setting  of -1 .05  D  resulted  in  a  starting  fixed  setting  of -1 .0  D.  We  were  also  able  to  see  that 
the  settings  ranged  from  -3.9  to  +0.5  D.  How  variable  the  aircrew  were  in  adjusting  their  oculars  was  another  concern,  since 
with  a  fixed-focus  aircrew  would  not  have  an  option  of  different  diopter  settings  in  each  ocular.  Twenty-nine  percent  of 
setting  disparities  were  over  0.5  D,  possibly  indicating  that  refresher  courses  in  NVG  focusing  could  be  helpful.  This  is 
important  because  a  person’s  eyes  do  not  accommodation  sufficiently  to  differentia!  stimuli  greater  than  0.5  D.6  Suppression 
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does  not  occur  when  the  diopter  difference  between  the  two  eyes  is  less  than  about  0.5  D.6  While  people  may  have  different 
diopter  requirements  in  each  eye,  they  should  have  been  corrected  to  20/20  Snellen  acuity,  and  most  people  do  not  have  large 
differences  in  their  eye  prescriptions.  This  brings  up  the  concern  that  a  significant  percentage  of  the  aircrew  were  likely 

adding  eyestrain  and  accommodating  with  both  eyes  inappropriately.  Of  course,  a  fixed-focus  eyepiece  would  alleviate  this 
issue  for  most  aircrew. 

Looking  at  the  18  aircrew  that  performed  the  repeatability  study,  there  are  several  issues  to  be  discussed.  The  repeatability 
was  calculated  for  the  pilots.  The  pilots  had  a  repeatability  limit  of  1 .2  D;  so  for  an  individual  pilot,  focusing  one  eye  could 
be  1.2  D  different  from  one  preflight  to  another.  This  raises  several  potential  issues.  It  is  possible  that  individuals  are  not 
truly  sensitive  to  the  eyepiece  adjustment  of  their  goggles.  If  we  were  to  take  an  aircrew  member  and  set  his  goggles  within 
1 .2  D  of  his  personal  eyepiece  setting,  this  should  be  tolerable.  The  aircrew  member  did  not  wear  these  setting  for  more  than 
the  time  required  to  focus  in  the  ANV-20/20.  While  they  may  have  been  able  to  achieve  an  acceptable  level  of  visual  acuity, 
it  is  possible  that  some  of  these  settings  may  have  caused  the  aircrew  eyestrain  during  flight. 

It  was  observed  that  the  pilots  and  loadmasters  were  able  to  focus  their  goggles  with  a  narrower  range  compared  to  the  other 
aircrew  members.  Their  use  of  a  helmet  mount  for  the  goggle  may  play  a  role  in  their  ability  to  set  eyepieces  within  a  tighter 
range.  With  goggles  anchored  at  a  fixed  distance  from  the  individual’s  eyes,  their  hands  are  not  needed  to  support  the  weight 
of  the  goggles  during  the  focusing  procedure.  For  mission  safety,  both  pilots  and  loadmasters  must  be  able  to  see  more 
clearly,  with  better  visual  acuity,  and  less  eyestrain  than  other  aircrew  members.  The  other  aircrew  members  do  not  usually 
use  their  helmets  to  mount  their  goggles;  instead,  they  typically  use  the  opera  mount  or  the  battery  pack  to  power  the  goggles 
Neither  of  these  devices  can  offer  the  same  stability  as  the  helmet  mount.  If  supporting  the  weight  of  the  goggles  an  aircrew 
member’s  hands  may  become  less  steady  from  one  eye  focusing  to  the  next.  In  addition,  the  distance  of  their  eyes  to  the 
goggle  would  likely  differ  from  each  eye  focusing.  Other  members  do  not  wear  the  goggles  as  much  in  flight,  so  they  may 
not  take  the  same  time  to  ensure  the  most  clear  eye  focus.  It  can  be  noted  that  some  of  the  greatest  differences  in  ocular 
disparity  for  goggles  were  from  the  gunners;  this  could  be  because,  in  the  aircraft,  they  do  not  wear  the  goggles  very  often  or 
for  very  long  on  their  missions. 

If  one  were  forced  to  pick  an  acceptable  diopter  setting,  one  could  draw  a  line  through  Figure  6  cutting  through  the 
adjustment  range  of  most  of  the  1 8  aircrew.  This  would  be  done  with  the  assumption  that  all  settings  within  each  individual’s 
range  would  be  acceptable  for  that  aircrew  member  and  not  cause  too  much  eyestrain.  When  we  pass  such  a  line  through 
-1.0  D,  it  essentially  passes  through  all  but  3  aircrew  members'  settings.  Pilot  #6  and  pilot  #7  were  within  0.5  D  of  this  line, 
so  they  may  be  able  to  find  this  setting  acceptable.  If  -0.5  D  were  selected,  1 0  aircrew  would  likely  not  find  this  setting 
acceptable.  The  Study  I  and  Study  II  analyses  helped  us  select  -1 .0  D  as  a  starting  setting  for  Study  III. 

The  settings  from  Study  III  were  combined  with  the  Study  I  settings,  yielding  an  even  clearer  picture  of  where  aircrews  were 
setting  their  goggles.  The  estimated  Weibull  distribution  for  all  the  aircrew  combined  showed  the  50,h  percentile  to  be 
-0.93  D.  It  has  been  reported  that  the  optimum  power  is  between  -1.0  and  -0.5  D  by  Pearce  et.  al.7  and  between  -2.25  and 
-1 .0  D  by  Mouroulis  and  Woo.  The  pilots  had  a  left  shift  in  their  diopter  setting  plot.  Pilots  were  approximately  -0.3  D 
(50  percentile  of  1.1 1  D)  more  minus  from  the  rest  of  the  aircrew  (50,h  percentile  of -0.82  D).  This  could  be  because  they 
tried  to  achieve  the  shaipest  visual  acuity  possible.  These  results  are  remarkably  similar  to  an  Air  Force  Research  Laboratory 
technical  report  on  an  1993  survey  in  which  an  average  eyepiece  setting  of -1.1  D  was  observed.4  This  result,  a  setting 
around  -1 .0  D,  has  also  been  supported  in  the  literature  indicating  that  acuity  is  maximized  for  a  target  at  a  distance 
corresponding  to  about  1.0  D  of  accommodation  9  In  a  short-term  wear  study  conducted  by  Gleason  and  Riegler  it  was 
found  that  the  best  eye  focus  was  -1 .0  D,  with  this  setting  yielding  the  best  average  visual  acuity  across  all  conditions  and 
subjects 


Examining  the  questionnaire  data,  it  appears  that  the  -1,0  D  fixed  setting  was  less  distasteful  to  the  aircrew  than  the  -0.5  D 
fixed  setting;  however,  both  the  -1,0  and  -0.5  D  fixed  settings  were  worse  than  personal  settings  for  many  of  the  aircrew 
The  greatest  concern  of  the  aircrew  with  the  fixed  setting  appeared  to  be  blurriness. 


6.  Conclusion 


Is  fixed  focus  or  adjustable  focus  best  for  night  vision  goggles?  Single-focus  eyepieces  are  simpler,  lighter,  and  cheaper 
because  focus  mechanisms  are  not  needed;  shorter  single-focus  eyepieces  would  reduce  a  goggle’s  overall  length,  bringing 
the  center-of-gravity  closer  to  the  head  while  maintaining  eye  relief.4  It  has  not  been  possible  to  find  a  perfect  setting  for  all 
users,  but  -1.0  D  may  be  acceptable  to  a  large  number  of  aircrew.  The  aircrew  have  become  used  to  the  ability  to  set  their 
own  goggles.  Since  aircrew  members  desire  as  much  control  over  their  missions  as  possible,  it  is  likely  that  they  would 
prefer  to  maintain  this  if  possible.  The  views  of  the  aircrew  have  been  positively  supported  in  the  literature,  that  visual  acuity 
is  always  better  with  an  adjustable-focus  eyepiece,  than  with  a  fixed-focus  eyepiece.10  Recent  developments  may  permit  a 
limited  range  of  eyepiece  adjustable  focus  for  the  integrated  panoramic  night  vision  goggle.  This  would  likely  be  a  2  D 
range.  Based  on  modeling,  an  eyepiece  having  a  -0.25  to  -2.25  D  range  is  probably  best.  According  to  the  Weibull 
distribution,  this  range  would  not  cover  approximately  25%  of  aircrew.  Approximately  9%  would  want  more  negative 
adjustment,  and  approximately  16  percent  would  want  more  positive  adjustment. 

However,  given  people’s  ability  to  accommodate,  if  we  assumed  aircrew  could  accommodate  ±0.5  D,  the  relative  range 
would  span  +0.25  to  -2.75  D,  which  would  exclude  only  about  7%  of  the  aircrew.  Approximately  5%  of  ocular  settings 
would  be  more  negative  than  -2.75  D  and  approximately  2%  would  be  more  positive  than  +0.25  D.  Also,  when  designing  an 
optical  product  there  are  certain  production  tolerances  that  are  allowed.  We  would  not  want  the  margin  of  error  to  be  shifted 
in  the  more  positive  direction.  If  the  settings  were  more  positive  than  0  D  in  the  most  positive  direction,  and  if  there  was  only 
a  2  D  span  of  settings,  the  crewmembers  that  required  the  more  negative  settings  would  not  be  satisfied. 

If  adjustable  lenses  do  not  come  into  production,  we  may  need  to  provide  “snap  on  lenses”on  a  fixed  focus  eyepiece.  These 
“snap  on  lenses”  would  be  additional  lenses  that  would  attach  to  the  eyepiece  and  would  have  minus  or  plus  power.  If  we 
had  a  fixed  eyepiece,  based  on  the  data  we  would  likely  choose  -1 .0  D.  We  might  also  provide  a  -1 .0  snap  on  lens  that 
would  provide  a  total  -2.0  D,  which  would  only  have  approximately  13%  of  aircrew  requiring  more  negative  power.  A 
+0.75  D  lens  would  be  utilized  to  provide  a  net  -0.25  D.  This  would  leave  only  approximately  1 6%of  people  to  the  right  of 
this  range  who  would  require  a  more  positive  setting.  These  people  that  would  be  out  of  the  range  may  not  be  satisfied  due  to 
the  possibility  of  eyestrain,  fatigue  and  possibly  blurriness. 

If  we  must  have  a  fixed  eyepiece,  we  would  likely  select  -1.0  D.  This  appears  to  be  the  best  setting.  Snap  on  lenses  would 
help  meet  the  needs  of  the  aircrew  that  require  it.  If  variable  focus  becomes  available,  it  will  likely  be  well  received  by  the 
aircrews  and  other  NVG  users.  It  would  be  advisable  to  be  able  to  have  a  range  that  would  effectively  include  crewmembers 
that  would  require  +0.25  to  -2.75  D.  If  a  limited  adjustable  eyepiece  can  be  designed  with  future  goggles,  then  this  should  be 
undertaken,  since  there  is  no  one  diopter  setting  that  will  best  serve  all  of  our  goggle  users. 
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Following  is  a  description  of  the  Weibull  distribution.11 
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«  =  scale  parameter,  p  =  shape  parameter,  x0  =  lower  bound  (LB) 


F(x}  =l-e  -  a  '  transforms  to:  Ln  { -  Ln[{  1  -  F(x)]j  =  -p  *  Ln (a)  +  p  * Ln (x-x0) 
regression  equation:  Y  *=  Intercept  +  Slope  *  X  • 

j Intercept ) 

so:  (l  =  slope,  and  a  =  e  1 

Parameter  estimates  are  obtained  by  transforming  the  cumulative  distribution  F(x)  to  a  form  that  can  be  used  in  linear 
regression.  In  the  transformed  cumulative  distribution,  estimates  of  F(x)  are  the  cumulative  proportion  at  every  level  of  X 
from  the  observed  data.  The  lower  bound  is  determined  by  using  the  XQ  value  that  makes  the  transformed  cumulative 
distribution  the  most  linear  (Le.,  yields  the  highest  correlation).  The  scale  and  shape  parameter  estimates  are  determined  from 
the  intercept  and  slope  estimates  of  the  linear  regression. 


It  is  possible  for  the  lower  bound  (X0)  to  be  an  unattainable  value.  For  example,  absolute  differences  must  be  non-negative 
yet  X0  may  be  negative.  This  negative  lower  bound  is  necessary  to  obtain  the  best  fit  of  the  transformed  cumulative 
proportions.  A  desired  goal  in  fitting  the  Weibull  distribution  is  for  the  percentiles  of  the  estimated  distribution  to  match 
closely  with  the  percentiles  of  the  data.  What  should  occur  is  the  area  under  the  curve  <  0  should  closely  match  the 
cumulative  proportion  at  X  =  0  from  the  data. 
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4.  MEASUREMENT  OF  NIGHT  VISION  GOGGLES  AND  RELATED 
COMPONENTS 


The  articles  in  the  present  section  describe  techniques  used  to  measure  other  NVG 
parameters,  such  as  gain,  field  of  view,  dark  spots,  distortion,  magnification,  image 
rotation,  etc.  Pinkus  &  Task  (1998)  presents  the  results  of  an  interlaboratory  study 
designed  to  determine  the  level  of  repeatability  and  reproducibility  that  can  be  achieved 
for  measuring  the  NVIS-weighted  transmission  coefficient  of  aircraft  transparencies 
(windscreens  and  canopies).  This  article  is  not  about  measuring  NVGs  per  se  but 
describes  a  measurement  procedure  for  a  component  that  may  significantly  impact  the 
performance  of  NVGs  used  in  aviation. 

These  articles  are  reprinted  to  provide  the  reader  with  a  reference  and  background  to 
better  understand  the  measurement  of  NVGs  and  related  components. 
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INTRODUCTION 

Night  vision  goggles  (NVGs)  are  being  used  extensively 
by  our  special  operations  forces  for  covert  night 
operations.  Often  the  individual  operational  units 
purchase  the  NVGs  directly  from  the  manufacturer.  Upon 
delivery  to  the  unit,  the  NVGs  are  tested  to  verify  that 
they  meet  the  gain  specifications.  The  Hoffman 
Engineering  ANV-126  portable  test  set  is  used  for  this 
purpose.  However,  the  reproducibility  of  the  NVG  gain 
measurements  obtained  with  the  ANV-126  was  unknown. 
Therefore,  operators  were  uncertain  as  to  whether  to  reject 
NVGs  whose  gain  measurements  were  slightly  below  the 
criterion  value.  In  addition,  there  was  concern  among 
NVG  researchers  and  operators  that  the  intensifier  tubes 
in  some  NVGs  might  be  greatly  mismatched  for  gain, 
resulting  in  the  luminance  seen  by  the  operator  being 
significantly  higher  in  one  eye  than  the  other. 


Two  specific  objectives  which  are  addressed  herein  were: 

•  Objective  1:  Determine  the  accuracy 

(repeatability  and  reproducibility)  expected  when 
measuring  NVG  gain  using  the  Hoffman  126  test  device. 

•  Objective  2:  Determine  the  distribution  of 
Binocular  Gain  Ratios  for  fielded  NVGs  in  both  the  linear 
gain  radiance  region  and  in  the  automatic  brilliance 
control  (ABC)  radiance  region  of  operation. 

These  objectives  were  addressed  by  an  NVG  gain  data 
collection  effort  conducted  at  HQ  AFSOC/LGMA  NVG 
maintenance  facility  at  Hurlburt  Field,  Florida.  The 
testing  took  place  during  the  period  18-20  November, 


1996. 


OBJECTIVE  1 

If  a  test  device  is  going  to  be  used  to  make  acquisition  or 
acceptance  decisions  then  it  is  necessary  to  determine  the 
accuracy  of  the  device  to  insure  the  validity  of  any 
resulting  decision.  The  Air  Force  has  acquired  a  number 
of  ANV-126  NVG  test  devices  but  the  reproducibility  of 
the  NVG  gain  measurements  obtained  with  the  device  is 
unknown.  Sources  of  variance  expected  are  changes  in 
gain  of  the  NVGs  themselves,  the  operators  making  the 
measurements,  the  test  device  itself  and  differences 
between  test  devices. 

Method 

In  order  to  establish  an  estimate  of  the  reproducibility  of 
NVG  gain  measurements  using  the  ANV-126  test  device  it 
was  necessary  to  collect  data  on  several  NVG  oculars 
using  several  test  devices  and  operators.  It  was  desirable 
to  include  as  many  test  devices  as  possible  to  obtain  a 
good  estimate  of  the  variance  between  devices.  The  test 
plan  was  designed  in  accordance  with  ASTM  Publication 
E-691  (1992)  which  outlines  procedures  for  testing 
repeatability  and  reproducibility. 

Operators.  The  operators  were  five  scientists  from 
Armstrong  Laboratory  (Aircrew  Training  Research 
Division  [AL/HEA],  Mesa  Arizona  and  Human 
Engineering  Division  [AL/HEC],  Wright-Patterson  Air 
Force  Base,  Ohio)  and  one  representative  from  Hoffman 
Engineering.  All  had  previous  experience  using  the  ANV- 
126  to  measure  NVG  gain. 

Test  Sets.  The  test  sets  were  nine  Model  ANV-126  Night 
Vision  Device  Test  Sets  for  Ground  Support  Maintenance. 
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The  ANV-126  is  produced  by  Hoffman  Engineering.  It  is 
a  self-contained  portable  test  set  designed  for  field 
operational  checks  and  depot-level  NVG  maintenance. 
Four  of  the  test  sets  were  resident  at  the  Hurlburt  facility, 
two  were  brought  from  Eglin  Air  Force  Base,  one  from 
Hoffman  Engineering,  and  one  each  from  AL/HRA  and 
AL/CFH.  All  test  sets  had  been  calibrated  within  one  year 
of  the  test  (range  from  1  day  to  8.5  months). 

NVGs.  The  NVGs  utilized  in  this  testing  were  all  F4949 
D  model.  These  NVGs  were  currently  in  use  at  Hurlburt 
Field  by  the  SOF  and  were  in  the  repair  facility  for 
periodic  maintenance. 

Procedure.  Ten  NVGs  (20  oculars)  were  tested  using  9 
test  sets  and  6  operators  (measurement  personnel).  NVG 
gain  was  measured  using  the  standard  procedures  in  the 
ANV-126  users’  manual  (1996)  which  include  exposing 
the  ocular  to  the  maximum  ANV-126  test  level  radiance 
input  for  60  seconds  prior  to  measurement.  All  gain 
measurements  were  made  at  the  0.1  X  10‘3  fL  radiance 
level. 

Each  operator  tested  10  NVGs  on  each  of  9  test  sets.  Six 
measurements  were  made  of  each  NVG  (3  for  each 
ocular).  Operators  did  not  reset  input  level  between 
measurements  (i.e.,  the  procedure  was  to  exercise  goggle, 
measure  Left  ocular,  measure  Right  ocular,  measure  Left 
ocular,  measure  Right  ocular,  measure  Left  ocular, 
measure  Right  ocular,  go  to  next  NVG).  It  took  an 
operator  30  -  45  minutes  to  measure  all  10  NVGs  with  one 
test  set.  Operators  by  test  set  order  was  counterbalanced 
in  case  of  learning  or  fatigue  effects. 

The  day  to  day  repeatability  issue  was  addressed  on  Day 
2.  In  this  case  we  were  concerned  about  the  variability  of 
the  individual  test  sets  over  time.  The  procedure  on  Day  2 
was  the  same  as  on  Day  1,  with  the  exception  that  3 
operators  (Operators  A,  B,  and  F)  tested  each  of  5  NVGs 
(all  odd-numbered  NVGs  from  Day  1)  on  each  of  8  test 
sets  (test  set  9  was  found  to  be  defective).  This,  along 
with  corresponding  data  from  Day  1,  allowed  the 
assessment  of  repeatability  of  individual  test  sets  over  a  2- 
day  period. 

Results 

Repeatability.  Repeatability  refers  to  the  consistency  of 
test  results  obtained  by  a  single  operator  with  a  single  test 
set.  A  repeatability  limit  was  calculated  for  each  of  the  20 
oculars.  The  repeatability  limit  tells  us  that  for  any  pair  of 
measurements  by  the  same  operator  using  the  same  test  set 
and  in  a  short  time  period,  there  is  a  probability  of  0.95 
that  the  second  measurement  will  be  within  +/-  the 


repeatability  limit  of  the  first  measurement.  The 
repeatability  limit  is  given  by  Repeatability  =  2.77 -^G2 

where  Ge  is  the  error  variance.  The  average  repeatability 

limit  for  the  Day  1  measurements  was  138  or  2.4  percent 
of  the  mean  gain  (overall  mean  gain  -  5786. 
Repeatability  was  not  found  to  increase  or  decrease 
significantly  as  a  function  of  gain  value  (p  =  0.67). 
Therefore,  the  repeatability  of  an  individual  gain 
measurement  may  be  calculated  by  using  the  average 
repeatability  value: 

Repeatability  limit  —  138 . 

On  Day  2,  three  operators  measured  5  NVGs  (10  oculars) 
using  8  test  sets.  Repeatability  (same  ocular,  same 
operator,  same  test  set)  over  Days  1  and  2  averaged  4.1 
percent  of  the  mean  gain  for  all  oculars.  Again, 
repeatability  was  not  found  to  increase  or  decrease 
significantly  with  gain  value  (p  =  0.46);  the  calculated 
repeatability  over  the  two-day  period  is  given  by: 

Repeatability  limit  -  240. 

Reproducibility.  Reproducibility  refers  to  the  consistency 
of  test  results  obtained  by  various  operators  using 
different  test  sets.  A  reproducibility  limit  was  calculated  in 
a  manner  similar  to  the  procedure  used  to  calculate  the 
repeatability  limit.  However,  the  reproducibility  limit  is 
based  on  comparisons  across  all  operators  and  test  sets. 
The  calculation  of  the  reproducibility  limit  takes  into 
account  both  operator  and  test  set  variances  as  well  as  the 
error  variance  for  a  single  operator  and  test  set.  The 
reproducibility  limit  is  represented  by: 

Reproducibility  ~  2.77  ^G2  +  g\  +  g\Xo  +  (J 
where  G2  is  the  test  set  variance,  g\  is  the  operator 
variance,  GsXo  is  the  variance  of  the  test  set  by  operator 

interaction  and  Ge  is  the  error  variance.  Unlike  the 

repeatability  limit,  which  remained  fairly  constant  across 
the  range  of  gain  values  measured,  the  reproducibility 
limit  was  found  to  increase  significantly  with  increased 
gain  value  (p  =  0.0013);  reproducibility  limits  for  the  20 
oculars  ranged  between  7.5%  and  10.5%  of  the  measured 
gain  average.  The  reproducibility  limit  of  an  individual 
gain  measurement  is  represented  by: 

Reproducibility  limit 

—  186  +  5.6%  of  the  gain  measurement. 
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Discussion 

While  the  repeatability  and  reproducibility  limits  do  not 
give  us  an  estimate  of  the  accuracy  of  the  gain 
measurement,  they  do  allow  us  to  calculate  a  range  within 
which  95%  of  all  differences  between  pairs  of 
measurements  can  be  expected  to  fall.  For  example,  if  our 
first  measurement  of  an  NVG  ocular  indicates  a  gain  of 
5800,  then  we  can  calculate  the  repeatability  limit  by: 
5800  +  240  and  5800  -  240.  This  tells  us  that  95%  of  all 
second  readings  of  that  ocular  by  the  same  operator  using 
the  same  test  set  within  a  24  hour  period  can  be  expected 
to  fall  between  5560  and  6040.  Likewise,  we  can 
calculate  a  reproducibility  limit  by:  186  +  0.056  *  5800  = 
510.8.  This  tells  us  that  95%  of  all  second  readings  by  a 
different  operator  using  a  different  test  set  can  be  expected 
to  fall  between  5289  and  6311. 

Differences  due  to  operators  were  much  smaller  than 
differences  due  to  test  sets.  The  gain  values  for  test  sets 
varied  between  an  average  of  5512  for  test  set  8  to  an 
average  of  5967  for  test  set  7.  This  is  a  range  of 455.  The 
average  gain  values  for  operators  varied  between  5765  for 
operator  A  and  5806  for  operator  C;  this  is  a  range  of  only 
41.  Thus,  the  range  of  values  due  to  test  sets  is  an  order 
of  magnitude  greater  than  that  due  to  operators.  The 
highly  trained  operators  appear  to  be  responsible  for 
relatively  little  of  the  variability  in  the  gain  measurements. 

Difficulties  encountered  with  test  set  9  indicate  that  the 
test  sets  should  be  checked  for  proper  functioning  between 
routine  calibrations.  The  ANV-126  users’  manual  should 
be  consulted  for  the  probe  check  procedure. 

OBJECTIVE  2 

There  has  been  concern  expressed  by  NVG  researchers 
and  operators  that  a  large  gain  ratio  (higher  gain/lower 
gain)  between  the  left  and  right  NVG  oculars  may  cause 
problems  during  NVG  operations.  Some  evidence 
suggests  that  large  gain  ratios  (greater  that  1.5)  may  cause 
binocular  rivalry  and  illusions  of  depth  perception  related 
to  the  Pulfrieh  Phenomenon  (Pulfrieh,  1922).  There  is 
currently  no  specification  regarding  gain  ratio  for  NVGs. 
The  purpose  of  this  phase  of  the  gain  testing  was  to  assess 
the  extent  of  the  problem.  Gain  ratios  for  a  large 
population  of  NVGs  were  measured  at  Hurlburt  Field,  FL 
on  19  November  1996. 

It  is  assumed  that  the  binocular  gain  ratio  (the  gain  of  the 
NVG  ocular  with  the  highest  gain  to  the  gain  of  the  other 
ocular)  in  the  linear  gain  region  is  a  reasonably  accurate 
estimate  of  the  binocular  luminance  ratio  one  might 
expect  from  an  NVG.  With  this  assumption,  it  is  desirable 


to  establish  a  maximum  allowed  binocular  gain  ratio  to 
ensure  that  the  luminance  difference  in  the  two  channels 
of  the  NVGs  will  not  be  objectionable  to  the  NVG  user. 
In  addition,  it  is  desirable  to  measure  the  binocular 
luminance  ratio  of  the  NVGs  when  the  tubes  are  in  the 
ABC  mode  since  this  may  be  significantly  different  from 
the  ratio  obtained  in  the  linear  region.  Again,  the  reason 
for  this  is  to  ensure  binocular  luminance  compatibility.  A 
separate  study  will  determine  what  maximum  allowed 
binocular  gain  ratio  and  ABC  mode  luminance  ratio 
should  be  established.  The  purpose  of  this  activity  was  to 
determine  what  levels  of  binocular  luminance  disparity 
exist  in  currently  fielded  NVGs.  This  activity  had  already 
been  partially  accomplished  by  Air  Force  Special 
Operations  Command  (AFSOC)  which  had  collected  gain 
data  on  252  NVGs  operating  in  the  linear  gain  region. 
Table  1  is  a  summary  of  these  data  reduced  to  show 
binocular  gain  ratios:  More  than  97%  of  these  NVGs  had 
a  gain  ratio  of  1.28  or  less  indicating  the  NVGs  are 
reasonably  well  balanced  in  gain  between  right  and  left 
channels.  These  same  data  are  shown  in  graphic  form  in 
Figure  1. 

Table  1.  Summary  of  AFSOC  data  for  252  NVGs 
showing  percentage  of  NVGs  achieving  different  levels  of 

binocular  gain  ratios.  _ 

Gain  Ratio  %  of  NVGs  I 


1.04 

19.4 

1.08 

37.7 

1.12 

55.6 

1.16 

77.8 

1.20 

89.3 

1.24 

92.9 

1.28 

97.2 

1.32 

97.6 

1.36 

98.8 

1.40 

99.2 

1.44 

99.6 

Operators.  The  operators  were  three  of  the  five  scientists 
from  Armstrong  Laboratory  (AL/HRA)  who  took  part  in 
the  Objective  1  testing. 

Test  Sets.  The  test  sets  were  3  of  die  9  Model  ANV-126 
Night  Vision  Device  Test  Sets  for  Ground  Support 
Maintenance  that  were  used  for  Objective  1.  These  test 
sets  were  identified  as  test  sets  1,  2  and  3. 

NVGs.  Fifty-nine  Model  F-4949D  NVGs  w?ere  tested. 
These  included  the  10  NVGs  used  for  the  Objective  1 
testing. 
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Percent  of  NVGs  vs  Binocular  Gain  Ratio 


Binocular  Gain  Ratio 


Figure  1 .  AFSOC  gain  data  showing  percent  of  NVGs  achieving  various  levels  of  binocular  gain  ratio.  Only  one  NVG 
exceeded  a  ratio  of  1.50  (it  was  1.57). 


Procedure.  Each  NVG  was  measured  according  to  the 
procedures  used  to  measure  gain  from  the  phase  I  testing. 
However,  after  gain  was  measured  at  an  input  illumination 
of  0.1  X  10’3  fL,  the  input  level  was  increased  to  the 
maximum  provided  by  the  test  set  (approximately  1 .4  X 
10‘3  fL).  The  illumination  level  placed  the  NVG  in  the 
automatic  brilliance  control  (ABC)  operating  mode.  Gain 
then  was  measured  from  each  ocular  under  ABC 
conditions. 

Results 

The  data  were  analyzed  in  a  fashion  similar  to  that  shown 
in  Table  1  and  Figure  1.  The  results  of  the  ratio 
measurements  are  shown  in  Table  2  and  Figure  2  for  the 
linear  region  and  the  ABC  region.  The  results,  in  the 
linear  region,  revealed  that  only  one  NVG  (s/n  3781  gain 
ratio  =  1.72)  had  a  gain  ratio  higher  than  1.5.  The  average 
gain  ratio  was  1.11.  In  the  ABC  region,  no  NVGs  had  a 
gain  ratio  higher  than  1.5,  with  the  highest  being  1.22  and 
the  average  being  1 .06. 

Repeatability  and  Reproducibility  of  Ratios.  In  a  similar 
manner  as  described  above,  the  repeatability  and 
reproducibility  of  the  NVG  gain  ratio  between  oculars  was 
calculated.  The  repeatability  limits  (same  operator,  same 
test  set)  for  gain  ratio  measurement  can  be  calculated  by: 


Repeatability  limit 

=  - 0.037  +6.4%o  of  the  gain  ratio . 

Similarly,  the  reproducibility  limits  (different  operator, 
different  test  set)  can  be  calculated  by: 

Reproducibility  limit 

=  - 0.064  +  13.4%  of  the  gain  ratio. 

Discussion 

These  data  permit  a  practical  decision  on  establishing  an 
acceptable  level  of  binocular  luminance  disparity  until 
data  is  available  from  other  studies  to  determine  if  the 
interim  binocular  ratio  should  be  changed  (increased  or 
decreased)  based  on  visual  performance  and  acceptance. 
Given  the  fact  that  many  thousands  of  NVGs  are  currently 
fielded  without  significant  user  complaints  regarding 
luminance  disparity  it  is  probable  that  the  vast  majority  of 
these  NVGs  are  in  an  acceptable  binocular  disparity 
range.  The  AFSOC  data  indicates  that  more  than  97 
percent  of  the  NVGs  they  tested  were  at  or  below  the 
binocular  gain  ratio  of  1.3  which  was  the  maximum  level 
of  disparity  recommended  in  the  Boeing  Handbook  for 
Equipment  Design  (Farrell  and  Booth,  1984).  More  than 
93  percent  of  those  tested  in  the  current  evaluation  were  at 
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or  below  1.3  in  the  linear  region  and  all  were  below  1.3  in 
the  ABC  region. 

Table  2.  Results  of  Gain  Ratio  Measurements  of  59  NVGs  in  theLinear  and  ABC  Redons. 


Gain  Ratio 

Linear  -  #NVGs 

Linear  -  Cum  % 

ABC  -  #NVGs 

ABC- Cum  % 

1.00 

0 

0 

0 

0 

1.04 

15 

25.4 

30 

50.8 

1.08 

32 

54.2 

48 

81.4 

1.12 

44 

74.6 

52 

88.1 

1.16 

49 

83.1 

53 

89.8 

1.20 

51 

86.4 

56 

94.9 

1.24 

54 

91.5 

59 

100 

1.28 

55 

93.2 

59 

100 

1.32 

56 

94.9 

59 

100 

1,36 

56 

94.9 

59 

100 

1.40 

56 

94.9 

59 

100 

1.44 

57 

96.6 

59 

100 

Gain  Ratio  (max/m in) 


Figure  2.  Results  of  gain  ratio  measurements  of  59  NVGs  in  the  linear  and  ABC  regions. 

As  was  discussed  above  for  gain  measurements,  calculated  by:  -0.064  +  .134  *  1.11  =  0.085.  Therefore, 

repeatability  and  reproducibility  can  be  calculated  for  the  95%  of  all  differences  in  the  ratio  measurement  of  this 

measured  gain  ratio  of  a  particular  NVG.  If,  for  example  NVG  by  a  different  operator  using  a  different  test  set 

the  measured  gain  ratio  is  1.11,  the  repeatability  can  be  could  be  expected  to  fall  between  1.025  and  1.195. 

calculated  by:  -0.037  +  0.064  *  1.11  =  0.034.  Therefore, 

95%  of  all  differences  between  measurements  of  this  CONCLUSIONS 

NVG  by  the  same  operator  using  the  same  test  set  within  a  The  repeatability  (same  test  set,  same  operator)  and 

short  period  of  time  could  be  expected  to  fall  between  reproducibility  (different  test  set,  different  operator)  of 

1.076  and  1.144.  Similarly,  the  reproducibility  can  be  gain  measurements  using  the  Hoffman  126  test  device 


have  been  quantified.  These  values  should  be  useful  to 
the  operational  units  in  setting  limits  for  the 
acceptance/rejection  of  NVGs.  However,  this  does  not 
erase  all  uncertainty  from  the  NVG  acceptance/rejection 
question.  Assume,  for  example,  that  the  criterion  for 
acceptance  were  gain  equal  to  or  greater  than  5000.  Table 
3  gives  the  reproducibility  limit  and  reproducibility  range 
for  several  gain  values  around  5000.  As  we  can  see  from 
the  table,  gain  values  between  4600  and  5400  result  in 
uncertainty,  as  the  reproducibility  range  spans  both  the 
unacceptable  and  acceptable  regions.  NVGs  which  test  in 
this  range  may  require  further  evaluation.  However,  we 
can  feel  confident  that,  for  a  criterion  of  5000,  NVGs 
which  test  below  4500  should  be  rejected  and  those  which 
test  above  5500  should  be  accepted. 

Table  3.  Reproducibility  Limits  and  Ranges  for  a 
Selected  Set  of  Gain  Values 


Gain  Meas 

Repro  Limit 

Repro  Range 

5500 

494 

5006  -  5994 

5400 

488 

4912-5888 

5000 

466 

4534  -  5466 

4600 

443 

4157-5043 

4500 

498 

4062  -  4938 

It  was  determined  that  the  gain  ratio  between  oculars  for 


most  of  the  NVGs  tested  did  not  exceed  1.5  in  either  the 
linear  or  the  ABC  region  of  operation.  This  finding  was 
consistent  with  the  fact  that  no  NVGs  were  identified  at 
Hurlburt  Field  as  being  regularly  shunned  by  aircrew. 
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ABSTRACT 

Visible  defects  in  night  vision  device  (NVD)  images, 
arising  from  image  intensifier  (I2)  tube  defects  and  dirt  on 
the  device's  optics ,  can  become  more  than  cosmetic 
blemishes.  They  can  act  as  visual  distractions  and  may 
be  large  enough  to  mask  critical  information  pilots  need 
to  conduct  normal  night  vision  operations.  This  paper  is 
concerned  with  the  assessment  of  NVD  dark  spots . 
Current  methods  of  assessing  dark  spots  examine  only  the 
image  intensifier  tube f  ignoring  spots  due  to  dirt  and  dust 
introduced  during  night  vision  device  assembly .  Current 
methods  are  limited  in  the  size  of  spot  that  can  be  counted 
and  do  not  address  the  issue  of  spot  contrast.  This  paper 
discusses  a  photographic  method  for  classifying ;  locating r 
and  counting  dark  spots  in  an  assembled  night  vision 
device. 

Also  documented  in  this  paper  is  an  experiment  to 
determine  an  observer's  ability  to  classify  round  dark 
spots,  conducted  as  part  of  an  effort  to  determine  the 
accuracy  of  the  photographic  test  procedure ,  To  quantify 
the  defects,  they  were  classified  by  size  and  then  counted. 
Inspectors  used  a  comparison  key  ass  an  aid  in 
categorizing  dots  by  size.  The  defect  specification  should 
not  exceed  the  classifiers *  visual  discrimination 
capabilities.  This  study  directly  examined  the  dot  size 
classification  performance  of  observers  using  dots  of  3 »  4, 
and  6  minutes  of  arc  (MOA)  in  diameter. 


inside  the  I2  tube’s  fiber  optic  twister  might  appear  gray 
but  could  still  obscure  valuable  visual  information, 
especially  in  dim  light.  For  the  purposes  of  these  tests,  a 
minimum  contrast,  C  (as  defined  by  Equation  1),  of  30 
percent  was  adopted.  Blemishes  exceeding  a  contrast  of 
30  percent  were  counted  as  a  dark  spot  [MIL-I- 
49428(CR)].  In  Equation  1,  Lj  and  L2  are  the  luminance 
of  the  bright  background  and  the  luminance  of  the  dark 
spot  respectively. 


_ V 

L1+L2 


(1) 


For  years,  pilots  and  aircrew  members  experienced  in 
NVD  operations  have  known  that  dark  spots  in  the  NVD 
field  of  view  were  distracting.  In  response,  as  part  of  a 
program  to  develop  an  ejection  compatible  NVD  for  the 
U.S.  Air  Force,  an  effort  was  started  to  improve  NVD 
image  quality  by  significantly  reducing  the  number  and 
size  of  blemishes,  or  dark  spots,  in  the  NVD  field  of  view. 
Available  dark  spot  specifications,  such  as  those  for  the 
Army’s  Aviator’s  Night  Vision  Imaging  System  (ANVIS) 
and  the  Navy’s  Cat’s  Eyes  NVD  were  considered  too 
loose.  Older  specifications  called  for  10.3  MOA  spots  as 
the  smallest  to  be  graded  [MIL-I-49428(CR)].  New 
requirements  necessitated  the  measurement  of  spots  as 
small  as  3  MOA  [F33657-9I-R-0045]. 


INTRODUCTION 

A  dark  spot  is  anything  appearing  dark  to  an  observer 
viewing  the  output  of  an  I2  tube  with  the  input  illuminated 
by  a  uniform  light.  Dark  spot  defects  can  be  caused  by 
photocathode  burns,  broken  or  contaminated  (blocked) 
fibers  in  the  fiber  optic  twister,  bad  channels  in  the 
microchannel  plate,  phosphor  bums,  or  dust  on  the 
outside  surfaces  of  the  I2  tube.  These  defects  manifest 
themselves  as  black  spots  of  varying  sizes  and  can  be 
located  anywhere  in  the  field  of  view.  Centrally  located 
black  spots  may  have  a  greater  deleterious  affect  on  the 
observer’s  visual  performance  than  do  those  located  in  the 
periphery  due  to  the  importance  of  foveal  vision  [Ronchi, 
1957], 

Not  all  blemishes  appear  perfectly  black.  An  obstruction 


Classifying  and  counting  dark  spots  of  this  size  is  difficult 
using  current  methods.  The  diameters  of  countable  spots 
were  considerably  smaller  than  previously  required  for 
any  NVD.  Initial  efforts  at  spot  measurements  used  a  ten- 
power  (10X)  microscope  to  directly  view  the  image 
intensifier  tube  output  [MIL-I-49428(CR)].  The 
magnification  was  low  enough  to  allow  an  observer  to 
view  the  entire  tube  output  all  at  once  and  made  for  quick 
tube  examinations.  Unfortunately,  it  was  difficult  to  use 
this  method  to  quantify  the  small  blemishes  countable 
under  the  new  dark  spot  requirement  nor  could  it  account 
for  dark  spots  due  to  dirt  introduced  during  NVD 
assembly.  Increasing  the  microscope  magnification 
improved  the  sensitivity  of  the  procedure,  but  this 
approach  was  limited  by  the  luminance  output  of  the  I2 
tube.  Also,  the  observer  could  no  longer  view  the  entire 
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tube  output,  significantly  slowing  the  process  and 
reducing  their  ability  to  accurately  catalogue  a  spot’s 
location. 


To  overcome  the  disadvantages  of  current  dark  spot  tests, 
a  new  procedure  was  developed,  involving  photographing 
the  NVD  output  under  lighting  controlled  to  yield  the  best 
photographs.  Then,  a  trained  observer  would  examine  the 
photographs  to  catalogue  the  size  and  zone  of  tube 
blemishes. 

Dark  Spot  Photography 

This  experiment  was  conducted  in  a  room  with  light 
control  capable  of  complete  darkness.  Before  attempting 
the  assembly  and  positioning  of  the  required  equipment, 
the  eyepiece  lenses  of  the  NVD  and  the  data  acquisition 
camera  were  focused  to  optical  infinity.  The  camera  lens 
was  also  set  to  infinity  by  focusing  on  a  sufficiently 
distant  object. 

With  the  room  lights  on,  the  Dark  Spot  Target  (see  Figure 
1)  was  positioned  against  a  wall,  perpendicular  to  the 
optical  axis  of  the  NVD  under  test.  The  minimum  target 
dimensions  were  calculated  using  trigonometry  and  based 
on  testing  a  40-degree  field-of-view  NVD  at  a  testing 
distance  of  5  feet  (60  inches)  from  the  NVD  objective 
lens.  Zone  diameters  were  also  calculated  using 
trigonometry.  Zone  1  was  a  5  degree  radius  circle 
centered  in  the  NVD  field  of  view.  Zone  2  was  an 
annulus  having  an  inner  radius  of  5  degrees  and  an  outer 
radius  of  13  degrees.  Zone  3  encompassed  everything 
outside  of  the  13  degree  radius  circle.  The  target  was 
plotted  on  white  paper  with  lines  one  eighth  of  an  inch 
thick,  subtending  about  7  MOA  (Figure  1)  and  mounted 


to  white  foam-core  board.  Small  marks  were  added  to 
horizontal  and  vertical  lines  through  the  outer  zone  at  1 
degree  intervals,  to  aid  NVD  alignment. 

The  test  NVD  was  then  positioned  using  its  helmet  mount 
and  other  optomechanical  parts  on  a  tripod  such  that  the 
test  ocular  was  five  feet  from  the  target  and  roughly 
centered  on  the  target  at  the  same  height  as  the  target 
center.  A  Nikon  35  mm  single  lens  reflex  camera  with  a 
28  mm  focal  length  wide-field-of-view  Nikon  lens  was 
then  mounted  to  another  tripod  and  placed  in  position 
behind  the  test  NVD. 

Next,  a  lamp  was  fitted  with  a  7.5  Watt  frosted 
incandescent  light  bulb  and  attached  to  an  aluminum  rail, 
which  was  bolted  to  a  photographic  tripod.  A  mask  was 
placed  over  the  lamp  housing  to  reduce  the  lamp  to  a  3 1 
mm  diameter  source.  An  8  X  10  inch,  one  quarter  inch 
thick  Plexiglas  piece  was  fixed  to  the  end  of  the  rail, 
perpendicular  to  a  line  from  the  lamp  to  the  center  of  the 
target.  Light  shaping  filters  were  held  by  their  edges  to 
the  Plexiglas  sheet  with  cellophane  tape.  Then,  the 
distance  between  the  lamp  and  the  filter  was  adjusted  to 
closely  match  the  filter’s  design  distance.  The  lamp  and 
filter  were  positioned  slightly  behind,  above  and  off  to 
one  side  of  the  camera  such  that  the  camera  did  not  cast  a 
shadow  into  the  test  NVD’s  field  of  view. 

Light  Shaping  Filter 

Several  characteristics  of  the  NVD  output  make 
photography  difficult.  The  I2  tube  itself  inherently  has  a 
three  to  one  center  to  edge  luminance  falloff  (see  Figure 
2)  making  the  center  of  the  NVD  image  much  brighter 
than  the  edge.  This  effect  is  not  very  noticeable  to  an 
observer  due  to  the  human  eye’s  logarithmic  luminance 
response  [Corns weet,  1970].  However,  it  is  much  easier 
to  capture  this  luminance  falloff  on  film.  This  undesirable 
phenomenon  can  mask  the  desired  information  printed  on 
a  photograph. 

Another  phenomenon  that  hinders  NVD  photography  is 
the  illumination  of  the  target.  Theoretically,  if  a 
Lambertian  extended  light  source  is  used  to  illuminate  the 
entire  target,  a  “Cosine-to-the-Fourth”  luminance  falloff 
would  be  seen  on  the  target  [Dereniak,  1984].  This  is 
noticeable  because  of  the  size  of  target  required  to  fill  the 
entire  NVD  field  of  view. 

To  overcome  the  effects  of  these  phenomena,  a  filter 
exhibiting  non-uniform  absorption  was  used  to  alter  the 
illumination  falling  on  the  target.  To  design  the  lamp 
filter,  the  two  falloffs  were  normalized  and  multiplied 
together  as  a  function  of  angle,  labeled  “Total  Falloff’  in 
Figure  2.  Filter  transmissivity  would  have  to  have  the 
inverse  profile  with  large  attenuation  in  the  center  and 
gradually  decreasing  towards  the  edges  of  the  target,  as 
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shown  in  Figure  3.  The  scale  in  Figure  3  was  normalized 
based  on  the  light  passed  through  the  center  equaling 
unity.  Filters  were  generated  using  a  computer  drawing 
package  and  printed  onto  overhead  transparency  material 
using  a  laser  printer. 


Figure  2.  NVD  luminance  falloff. 


Angle  (degrees) 

Figure  3.  Theoretical  lamp  filter  profile. 

The  next  step  was  to  illuminate  the  target  with  the  non- 
uniform  light  source.  After  alignment  of  the  NVD  and 
camera,  the  luminance  profile  on  the  target  was  measured 
using  a  low  light  photometer.  Overall  luminance  could  be 
adjusted  by  changing  the  distance  separating  the  lamp  and 
the  filter.  Normally,  data  photos  were  taken  with  a  target 
luminance  profile  of  approximately  full  moon  (2.0X10-2 
foot-Lamberts(fL))  in  the  center  and  approximately  three 
times  full  moon  (6.5X10-2  fL)  near  the  edge  of  the  field 
of  view.  While  this  was  not  the  profile  required  for 
perfectly  uniform  photographs,  it  did,  however,  prove 
adequate. 

Fine  alignment  began  with  the  room  lights  turned  off  and 
the  filtered  lamp  turned  on,  illuminating  the  target  The 
NVD  was  turned  on  and  focused  on  the  target  using  the 
NVD  objective  lens.  Next,  the  target  was  centered  in  the 
field  of  view  by  adjusting  the  height  and  tilt  of  the 
NVD/camera  combination.  Final  alignment  and  centering 
were  performed  by  counting  the  hash  marks  between  the 


Zone  2  circle  and  the  edge  of  the  NVD  field  of  view.  The 
NVD  and  camera  were  centered  on  the  target  when  an 
equal  number  of  marks  were  counted  to  left  and  right, 
above  and  below  the  Zone  2  circle. 


Figure  4.  Equipment  setup. 


Photography  and  Processing 

The  film  used  was  Kodak  Technical  Pan  2415,  black  and 
white,  fine-grain  with  an  ASA  of  25.  It  was  well  suited 
for  NVD  dark  spot  photography  because  it  was  capable  of 
very  high-resolution  photographs  due  to  its  fine  grain 
size.  The  photos  were  then  taken  using  a  series  of 
exposure  times  ranging  from  0.25  to  8  seconds  at  f!S£, 
Exposure  times  of  one  or  two  seconds  yielded  the  best 
data.  Computer  generated  contrast  templates  (see  Figure 
4)  were  then  placed  on  the  wall  target  in  four  places  and 
photographed  at  the  same  f-number  and  exposure  times  as 
the  dark  spot  data.  These  contrast  reference  photos  were 
used  later  to  determine  if  a  spot  in  a  data  photo  can  be 
counted,  exceeding  the  30  percent  contrast  limit,  or 
Ignored.  The  film  developing  procedure  required  1  to  1.5 
minutes  in  Dektol  developer,  4  minutes  in  fixer  solution, 
and  then  rinsed  for  8  minutes. 

Data  photographs  were  then  enlarged  and  printed  using  a 
common  printing  process.  To  review  the  data,  full  8  X  10 
inch  prints  were  made  first.  The  best  frames  were  chosen 
for  the  left  and  right  oculars  and  then  reprinted  on  1 1  X 
14  inch  paper  for  analysis. 

Template  Design 

To  analyze  the  11  X  14  inch  photos,  a  transparency 
overlay  was  created  based  on  large  target  details  easily 
processed  by  die  combination  of  test  NVD,  the  camera, 
and  the  developing  and  printing  processes.  First,  the 
diameters  of  the  circles  dividing  Zone  1  from  Zone  2  and 
Zone  2  from  Zone  3  on  the  data  photograph  under 
analysis  were  measured.  A  conversion  factor,  in  MOA 
per  inch,  was  then  calculated  by  dividing  the  number  of 
arc  minutes  the  zone  subtended  by  the  zone  diameter. 
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This  yielded  two  conversion  factors  per  photograph, 
which  were  averaged  to  get  a  single  conversion  factor  for 
the  entire  photograph.  This  factor  was  then  used  to 
determine  the  diameter  of  the  spots  on  the  spot  template 
for  the  corresponding  categories  of  spot  sizes. 

Spots  of  the  appropriate  diameters  were  printed  using  a 
laser  printer,  reduced  on  a  photocopier,  and  then  printed 
on  overhead  transparency  film.  The  spots  on  the 
completed  overlay  transparency  were  then  measured 
under  a  microscope  to  verify  their  size. 

Figure  5  shows  an  example  of  the  spot  reference  template. 
The  template  used  pairs  of  spots  to  define  the  different 
categories  into  which  dark  spots  may  fall.  Sets  of  spot 
pairs  were  grouped  for  use  in  the  different  zones, 
speeding  the  data  reduction  process  by  eliminating  the 

need  to  hunt  for  the  proper  spot  sizes  of  a  given 

classification  and  a  given  zone. 

Zone  1  Zone  2 

3  •  •  4  4  •  #  6 

4  •  #  6  6  #  09 

6  #  09 

Figure  5.  Spot  pairs  for  dark  spot  classification. 

Data  and  Analysis 

After  printing  the  reference  spot  overlay,  analysis  could 
begin.  The  photographic  process  yielded  photos  like 
Figure  6.  The  examination  started  in  Zone  1  and 
gradually  proceeded  through  the  other  zones,  working 
clockwise.  Only  spots  that  were  definitely  large  enough 
were  examined  further.  Spots  of  marginal  size  were  not 
counted.  If  a  spot  was  considered  large  enough  to  count, 
its  contrast  was  visually  checked  against  the  contrast 
reference  photos.  Spots  that  appeared  grayer  than  the  30 
percent  contrast  area  on  the  reference  photo  were  not 
counted.  Spots  near  30  percent  but  still  of  questionable 
contrast  were  also  ignored.  Only  spots  that  were 
definitely  large  enough  and  dark  enough  to  exceed  the  30 
percent  contrast  threshold  were  counted.  Blemishes  on 
the  photos  that  were  considered  dark  spots  were  then 
circled.  Once  the  examination  was  completed,  the 
examiner  would  have  a  photo  with  all  the  counted  spots 
circled  and  a  table  of  the  number  of  spots  that  fell  into 
each  category  in  each  zone. 

SPOT  CLASSIFICATION  STUDY 

Early  dark  spot  specifications  employed  large 
classification  ranges  [MIL-I-49428(CR)].  This  was 
primarily  due  to  the  belief  that  manufacturers  could  not 
fabricate  I2  tubes  with  smaller  spots  and  that  observers 


could  not  classify  spot  sizes  with  great  precision.  With 
the  new  set  of  image  quality  requirements  [F33657-91-R- 
0045],  allowable  spots  and  bin  sizes  became  smaller  by 
about  a  factor  of  three,  which  raised  a  question  about 
classification  precision.  A  study  was  undertaken  to  help 
establish  spot  classification  judgement  criterion  based  on 
observers'  visual  capabilities.  The  results  also  can  be 
applied  to  other  spot  size  judgement  tasks  that  use  this 
range  of  size. 


PROCEDURE 

Ten  trained  observers  (three  women  and  seven  men) 
participated  in  the  spot  classification  study.  All  had  normal 
distance  vision  correctable  to  20/20  Snellen  acuity  without 
astigmatism.  The  observers  were  placed  in  a  well-lighted 
room  and  were  presented  a  series  of  high  contrast  targets, 
round,  black  spots  on  white  backgrounds.  Three,  four,  and 
six  MO  A  dot  sizes  were  used  as  references  against  which 
test  dots  were  judged  to  be  either  larger  or  smaller.  The  test 
dots  were  mounted  to  white  foam-core  board  to  facilitate 
handling  during  the  experiment.  An  8  by  8  foot  piece  of 
white  foam-core  was  used  as  the  stimulus  surround  and  a 
small  ledge  held  the  dots  near  the  center.  All  targets  were 
viewed  at  a  distance  of  100  feet.  The  white  background  was 
1 1.6  fL  and  the  contrast  (Michelson,  Equation  1)  of  all  dots 
was  0.88. 


Each  trial  consisted  of  the  observer  viewing  a  pair  of  dots;  a 
reference  standard  dot  and  a  test  dot.  The  48  dot  pairs  (a  3, 
4,  or  6  minute  reference  with  one  of  16  test  dots),  positions 
(reference  on  left  or  right),  and  repetitions  (six  per 
condition)  were  randomly  presented  in  a  within-subjects 
design.  For  ten  observers,  this  yielded  2880  data  points  per 
reference  dot  size. 


442 


An  observer  was  seated  100  feet  from  the  dots.  While  then- 
eyes  were  covered,  a  reference  and  a  test  dot  were  placed  on 
the  holder.  The  observer  was  then  asked  to  view  the  pair 
and  state  which  dot  was  smaller,  then  close  their  eyes  while 
the  next  pair  was  set  up  for  viewing. 

RESULTS 

This  study  showed  that  human  evaluators  could 
reasonably  accurately  classify  small  spots  as  being  larger 
or  smaller  than  a  reference.  Figures  7,  8,  and  9  show  the 
mean  correct  spot  size  classification  as  a  function  of  the 
size  difference  (in  tenths  of  a  MO  A)  between  a  reference 
(center  values  3, 4,  and  6  MOA)  and  a  test  dot.  Observers 
exhibited  100  percent  accuracy  in  classifying  test  dots 
when  the  difference  was  at  least  0.4  MOA  for  all  spot 
standards  tested.  It  should  be  noted  that  the  data  were 
asymmetrical  about  their  respective  standards.  One 
would  not  expect  any  significant  difference  when 
comparing  larger  or  smaller  dot  sizes  to  the  standard.  To 
further  simplify  analysis,  the  data  were  folded  about  the 
standard.  From  these  combined  data  the  ranges  for  95 
and  99  percent  probability  of  correct  classification  were 
interpolated.  Tables  1  &  2  show  these  interpolated  range 
values  for  the  three  standards  in  MOA  and  as  a 
percentage. 

Table  1.  Errors  based  on  the  95  percent  probability  of  a 


correct  classification. 


Reference 

(MOA) 

Error  Bounds 
(±  MOA) 

Error  Bounds 
(±  Percent) 

3 

0.182 

6 

4 

0.190 

5 

6 

0.194 

3 

Table  2.  Errors  based  on  the  99  percent  probability  of  a 


correct  classification. 


Reference 

Error  Bounds 

Error  Bounds 

(MOA) 

(±  MOA) 

(±  Percent) 

3 

0.290 

9 

4 

0.276 

6 

6 

0.370 

6 

DISCUSSION  AND  CONCLUSIONS 
Older  dark  spot  test  methods  could  not  quantify  the  image 
quality  of  new  I2  tubes.  The  photographic  method 
documented  in  this  report  achieved  the  required 
sensitivity  and  accuracy.  Experimentation  showed  that 
human  evaluation  of  photographic  dark  spot  data  was 
viable  and  reasonably  accurate.  Observers  achieved  a  99 
percent  classification  accuracy  for  spots  at  least  ±  9 
percent  different  than  a  given  standard  size.  For  larger 
reference  spots,  error  as  a  percentage  of  the  reference 
decreased  with  spot  size. 


reference. 


Figure  8.  Mean  percent  correct  classification  for  a  4  MOA 
reference. 


Test  Dot  Size  (MOA) 


Figure  9,  Mean  percent  correct  classification  for  a  6  MOA 
reference. 

This  indicated  several  things.  First,  spot  classification 
specifications  could  be  more  stringent  that  originally 
thought.  Bin  sizes  could  be  made  narrower  due  to 
relatively  high  precision  in  classification.  Also, 
increasing  the  magnification  in  the  printing  process  for 
Dark  Spot  Photos  could  decrease  errors  in  photographic 
spot  classification. 
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ABSTRACT 

An  advanced  night  vision  device ,  the  Panoramic  Night 
Vision  Goggle  (PNVG),  presents  the  wearer  with  a  large 
horizontal  field  of  view  (100  degrees)  by  combining  the 
output  from  multiple  image  intensifier  tubes .  This 
significantly  complicates  the  testing  and  evaluation  of 
this  state-of-the-art  device.  Current  tests  were 
considered  insufficient  and  required  modification  to  fully 
characterize  conventional  night  vision  device 
parameters.  In  addition,  new  tests  were  required  to 
characterize  parameters  unique  to  the  current  PNVG 
design.  This  paper  discusses  the  optical  performance 
testing  of  the  PNVG,  concentrating  primarily  on  four 
night-vision-device  parameters :  field  of  view ,  visual 
acuity,  eyepiece  diopter  setting,  and  image  discontinuity . 

INTRODUCTION  AND  BACKGROUND 
Night  vision  goggles  (NVGs)  have  become  a  key 
technology  for  covert  military  and  law  enforcement 
operations  at  night  in  both  fixed  wing  and  rotary  wing 
aircraft.  With  the  success  of  NVG  technology  came  a 
flood  of  NVGs  in  different  configurations  designed  to 
improve  their  characteristics  and  usefulness.  In  order  to 
evaluate  these  different  NVG  designs  it  was  seen  as 
desirable  to  have  a  collection  of  measurement  procedures 
capable  of  characterizing  new  systems  and  acquiring  data 
necessary  for  critical  comparisons.  Much  work  was  done 
in  the  early  1990’s  to  design  and  document  tests  used  to 
characterize  conventional  NVGs.  However,  depending 
on  the  design  of  the  NVG  (folded  optics,  offset 
input/output  axes,  eyepiece  combiners,  etc.)  some  of  the 
procedures  become  more  difficult  to  apply. 

One  such  system  that  required  unique  tests  to  fully 
characterize  its  capabilities  was  the  Panoramic  Night 
Vision  Goggle,  or  PNVG.  This  design  combines  the 
outputs  from  four  image  intensifier  tubes  into  one 
continuous  image,  providing  the  wearer  an  unusually 
large  (100  degrees  horizontal,  40  degrees  vertical)  field 
of  view.  The  PNVG  comes  in  two  basic  designs,  the 
PNVG  I  and  PNVG  IL  The  first  and  more  exotic  PNVG 


I  liberally  incorporates  folds  into  the  imaging  optics  to 
achieve  a  design  that  fits  close  to  the  wearer’s  face  and  is 
ejection  compatible.  PNVG  II  is  a  more  conventional, 
less  folded  design,  intended  to  be  less  expensive  and  to 
interface  with  existing  AN/AVS-6  NVG  hardware  for 
use  on  platforms  that  do  not  require  ejection 
compatibility. 

While  many  of  the  procedures  documented  earlier  could 
be  applied  to  the  PNVG,  some  could  not.  This  paper 
documents  the  procedures  specifically  designed  for  the 
PNVG  to  measure  field  of  view,  halo  diameter,  visual 
acuity,  eyepiece  diopter  setting,  and  image  discontinuity. 
In  addition  this  paper  documents  some  of  the  results  of 
these  and  other  optical  tests  conducted  on  several  PNVG 
prototypes. 

MEASUREMENT  PROCEDURES 
Field  of  View 

The  most  significant  parameter  associated  with  the 
PNVGs  is  probably  the  total  field  of  view  (TFOV)  since 
the  objective  of  the  PNVG  program  was  to  provide  the 
pilot  with  significantly  more  TFOV  than  existing  fielded 
systems.  However,  the  field  of  view  of  PNVG  is 
somewhat  complicated  because  of  the  way  it  is  achieved. 

There  are  a  total  of  4  oculars  that  are  aimed  in  3  different 
directions.  The  center  two  oculars  are  pointed  directly 
ahead.  The  left  and  right  outboard  channels  have  their 
optical  axes  pointing  30  degrees  to  the  left  and  right  of 
the  center  channels  respectively.  Each  ocular  is  designed 
to  provide  a  40  degree  circular  field  of  view;  although 
the  full  40  degree  FOV  of  each  ocular  may  not  be  visible 
to  the  observer  because  of  eye  position.  This 
combination  of  ocular  axes  and  the  interaction  of  visible 
FOV  with  eye  position  makes  it  somewhat  difficult  to 
easily  characterize  field  of  view. 

Two  approaches  were  taken  to  characterize  the  PNVGfs 
total  field  of  view.  The  first  method  was  simply  to  verify 
that  the  PNVG's  total  field  of  view  was  at  least  100 
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degrees  (all  except  one  of  the  PNVGs  demonstrated  this 
total  field  of  view)  and  the  other  method  was  designed  to 
directly  measure  the  individual  ocular  FOVs  and  the 
angular  locations  of  their  FOVs  with  respect  to  the  right, 
in-board  ocular,  which  was  used  as  a  reference  channel. 

To  conduct  the  first  test,  the  PNVG  was  fixed  to  a  bench 
and  placed  a  known  distance  from  a  wall.  Two  small 
marks  were  made  on  the  wall  a  distance  from  each  other 
that  subtended  100  degrees  from  the  position  of  the 
PNVG  on  the  bench,  50  degrees  off  to  each  side  of  the 
test  goggle  (see  Figure  1).  If  both  marks  were  visible, 
then  the  PNVG  field  of  view  was  at  least  100  degrees. 
This  test  was  sufficient  to  determine  if  the  requirement  of 
the  wide,  1 00-degree,  field  of  view  was  met. 


\  ' 

& 

Figure  1.  Relative  position  of  LEDs  for  the  assessment 
of  field  of  view. 


Table  1.  Field  angles  for  center,  left  edge,  and  right  edge 
of  PNVG  oculars. _ 


Ocular 

Left  Edge 

Center 

Right  Edge 

Right  In-board 

-20  deg 

0  deg 

+20  deg 

Left  In-board 

-20 

0 

+20 

Right  Out-board 

+10 

+30 

+50 

Left  Out-board 

-10 

-30 

-50 

A  similar  approach  was  used  for  the  second  FOV  test  in 
that  the  right  channel  objective  lens  of  the  PNVG  was 
positioned  a  known  distance  from  a  long  horizontal  rail. 
Two  red  LEDs  were  positioned  a  distance  to  either  side 
of  the  center  point  corresponding  to  ±  20  degrees.  The 
observer  then  viewed  through  the  right  central  channel 
only  and  adjusted  the  position  of  the  PNVG  until  the  two 
red  LEDs  were  visible  at  the  right  and  left  edges  of  the 
FOV.  The  PNVG  was  then  kept  in  this  position  for  all  of 
the  following  measurements.  While  observing  through 
the  left  ocular  only,  and  moving  the  eye  if  necessary,  the 
LEDs  were  then  positioned  at  the  left  and  right 
boundaries  of  the  left  ocular  field  of  view.  If  the  PNVG 
was  perfectly  aligned  and  the  oculars  were  exactly  40 
degrees,  the  position  of  the  LEDs  would  shift  to  the  left 
by  the  observer’s  inter-pupillary  distance.  By  knowing 
the  edges  of  the  left  ocular  field  of  view,  it  is  possible  to 
determine  where  the  center  of  the  left  ocular  FOV  is 


directed.  The  edges  of  the  left  and  right  outboard  ocular 
FOVs  were  measured  in  a  similar  fashion  and  their  field 
angles  with  respect  to  the  right  ocular  axis  were 
determined  and  compared  to  what  they  should  be.  If  the 
PNVG  were  perfectly  assembled  the  field  angles  for  the 
different  oculars  should  be  as  shown  in  Table  1. 

Visual  Acuity 

This  procedure  was  designed  to  measure  how  well  a 
human  observer  could  see  high  contrast  targets  at  a 
specified  light  level  through  the  PNVG. 

High  contrast,  square- wave  acuity  targets  were  used  as 
the  visual  acuity  opto-types.  These  square-wave  targets 
were  in  steps  of  one  Snellen  acuity  point  (e.g.  20/24, 
20/25,  20/26,  etc).  The  test  PNVG  was  fixed  to  a  bench 
at  a  distance  of  30  feet  from  the  acuity  targets.  The 
observer  was  then  allowed  to  dark  adapt  for  about  10 
minutes.  An  illuminator  with  a  color  temperature  of 
2856K  was  used  to  light  the  target  acuity  targets  to  a 
luminance  level  corresponding  to  quarter  moon 
illumination  (5x1  O'3  foot-Lamberts  (fL)  and  starlight 
only  illumination  (5x1  O'4  fL).  The  observer  then  focused 
the  test  PNVG  objective  lenses  (central  only;  outboard 
objective  lenses  were  fixed  focus  for  these  PNVGs)  on 
the  square  wave  acuity  target.  A  technician  then 
prompted  the  observer  to  read  the  chart,  first  through 
each  channel  of  the  NVG  using  their  dominant  eye,  and 
then  through  both  oculars  using  both  eyes  (binocular 
vision).  The  target  with  the  highest  spatial  frequency  the 
subject  could  clearly  see  was  then  recorded.  This 
procedure  was  repeated  three  times  per  observer. 


Figure  2.  Relative  position  of  equipment  for  visual 
acuity  measurements. 


Three  trained  observers  familiar  with  the  operation  of  the 
test  PNVG  having  20/20  vision  or  vision  corrected  to 
20/20  and  no  astigmatism  were  used.  Each  observer 
viewed  through  each  ocular  3  times  selecting  the  highest 
spatial  frequency  pattern  that  could  be  resolved.  These 
three  readings  were  averaged  across  the  three  observers 
for  each  ocular  of  each  of  the  PNVGs  measured  to  obtain 
a  final  "visual  acuity"  value  through  the  PNVG  oculars. 
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Figure  3.  Measurement  of  eyepiece  focus. 
Eyepiece  Focus 

The  current  PNVG  design  features  a  fixed  focus 
eyepiece.  In  order  to  improve  observer  visual 
performance,  the  manufacturer  set  the  eyepiece  to  -0.75 
diopters.  Due  to  the  optical  complexity  of  the  PNVG,  it 
was  considered  necessary  to  verify  this  using  a 
diopterscope.  To  do  this,  an  activated  PNVG  was  fixed 
to  a  bench  and  focused  into  collimated  light  source  that 
projected  an  image  of  a  grid.  Once  acceptable  image  of 
the  grid  was  achieved,  a  calibrated,  eight  power 
diopterscope  was  used  to  measure  eyepiece  diopter 
setting  by  focusing  the  scope  through  the  NVG  eyepiece 
onto  the  grid.  The  diopter  setting  was  then  read  directly 
from  the  diopterscope.  This  was  repeated  three  times  for 
each  eyepiece  and  averaged. 


Figure  4,  Relative  positions  of  charts  used  in  the 
assessment  of  image  discontinuity 

Image  Discontinuity 

Extending  a  night  vision  device's  horizontal  field  of 
view  by  combining  the  output  of  multiple  image 
intensifier  tubes  creates  the  possibility  of  image  overlap 
errors  arising  from  poor  alignment  of  the  optical  system. 
These  errors  can  be  the  result  of  excessive  overlap  of  the 
adjacent  fields  of  view,  gaps  in  coverage  in  the 
observer’s  field  of  view,  image  discontinuities,  or  shifts, 
as  objects  move  between  the  adjacent  fields  of  view. 
This  procedure  is  designed  to  visually  assess  and 
measure  these  defects  by  imaging  a  grid  through  a  night 


vision  device  and  comparing  the  defects  to  the  size  of 
grid  features. 

To  start,  the  test  NVG  was  placed  in  a  mount  that  was 
firmly  fixed  to  a  test  bench  a  known  distance  in  front  of  a 
focusing  target.  A  large  grid  was  then  position  at  the 
edge  of  the  central  ocular’s  field  of  view  and  oriented 
such  that  the  plane  of  the  grid  was  perpendicular  to  a  line 
from  the  grid  to  the  test  NVG.  Then  the  grid  was 
observed  through  the  NVG  from  the  proper  eye  position. 
The  technician  would  then  describe  the  grid  in  terms  of 
grid  features  that  would  appear  or  not  appear  in  die  field 
of  view  of  the  central  and  outboard  ocular  and  determine 
the  magnitude  of  the  continuity  errors. 

This  technique  can  be  used  to  quantify  image 
discontinuities  if  the  angular  size  of  the  grid  elements  is 
known.  The  size  of  one  grid  square  could  be  calculated 
using  trigonometry  once  the  separation  between  the  lines 
of  the  grid  and  the  distance  between  the  test  goggle  and 
the  grid  were  measured. 

An  alternative  method  of  capturing  the  image 
discontinuities  between  central  and  outboard  channels 
was  developed  using  photography.  The  PNVGs  were 
mounted  and  positioned  a  known  distance  from  a  large  (8 
ft  by  8  ft.),  back-illuminated  grid  board  with  lines  spaced 
8  inches  apart.  With  the  room  lights  off  and  the  grid 
board  lighting  set  to  a  very  low  level  both  the  in-board 
and  out-board  ocular  FOVs  were  photographed  using  a 
camera  with  a  wide  angle  lens  (see  Figure  5). 


Figure  5.  Geometric  arrangement  to  photograph  both  the 
left  central  and  outboard  oculars  of  a  PNVG  II. 

From  the  distance  to  the  grid  board  and  the  grid  board 
line  spacing  it  was  possible  to  calculate  the  angular 
subtense  of  each  of  the  8-inch  grid  squares.  Using  this 
information  and  the  photograph  obtained  using  the 
Figure  5  set-up  it  was  possible  to  quantitatively  assess 
image  discontinuity. 
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Ideally,  the  angular  size  of  a  grid  square  should  be  small, 
on  the  order  of  a  few  milliradians.  However,  it  is 
important  to  choose  a  grid  size  and  grid  line  thickness 
that  the  NVG  under  test  can  image.  This  test  should  be 
conducted  using  distances  of  30  feet  or  longer  if  any  of 
the  NVG  objective  lenses  are  fixed  and  focused  at 
infinity  in  order  to  minimize  errors  due  to  the  inherent 
misfocus  common  in  infinity  focused  NVG  lenses  when 
tested  at  distances  shorter  than  “infinity.” 

Gain 

The  gain  of  an  NVG  is  an  assessment  of  its  ability  to 
amplify  available  light.  For  the  PNVG,  gain  was 
measured  using  a  Hoffman  ANV-120.  This  device  was 
used  to  implement  a  test  outlined  in  earlier  documents 
[Task,  1993]  in  which  the  luminance  output  of  the  NVG 
is  measured  and  compared  to  the  luminance  input  to  the 
NVG  from  a  spatially  large,  Lambertian,  2856K  black 
body  source.  Gain  is  calculated  simply  by  dividing  the 
luminance  output  by  the  luminance  input. 

Maximum  Output  Luminance 

The  maximum  output  luminance  of  an  NVG  is  an 
assessment  of  the  maximum  brightness  an  NVG  can 
produce  when  presented  with  a  uniformly  bright  input. 
For  the  PNVG,  this  was  measured  by  using  a  Hoffman 
ANV-120  to  implement  a  test  outlined  in  earlier 
documents  [Task,  1993]  in  which  the  luminance  from  a 
Lambertian,  2856K  black  body  source  is  increased  to  a 
level  where  the  NVG  output  cannot  become  brighter. 

Eye  Relief 

This  procedure  is  to  measure  the  physical  distance 
separating  the  last  optical  surface  of  the  NVG  eyepiece 
and  the  front  surface  of  the  user's  cornea.  For  the  PNVG, 
eye  relief  was  measured  using  a  test  outlined  in  earlier 
documents  [Task,  1993]  in  which  a  video  camera  was 
used  to  monitor  the  collapse  of  field  of  view  as  a 
function  of  distance.  This  method  normally  required  the 
technician  to  monitor  all  edges  of  the  collapsing  field  of 
view.  However,  only  the  top  and  bottom  of  the  PNVG 
oculars  were  monitored  since  the  individual  fields  of 
view  were  not  perfectly  round. 

RESULTS 

Over  the  course  of  several  months,  eleven  PNVG 
systems  were  characterized  to  some  degree  at 
AFRL/HECV.  Unfortunately,  due  to  the  limited 
availability  of  the  PNVG  prototypes,  not  all  tests  were 
performed  on  all  systems.  Far  more  data  were  collected 
than  presented  here.  The  following  is  a  summary  of  the 
data  collected  between  January  and  May  1999  on  four 
systems.  Only  a  representative  sample  of  data  from  some 
of  what  are  considered  the  more  important  tests  and  the 
tests  documented  in  this  paper  appears  below.  For 
comparison  purposes,  similar  data  collected  from  an 


AN/AVS-9,  F4949  D  in  1995,  when  the  goggle  was  new, 
was  also  provided. 


Field  of  View  Results 

Table  2.  Field  of  view  PNVG  I  and  PNVG  II. 


PNVG  I 

Left  Edge 

Center 

Right  Edge 

Right  Central 

-17.6  deg 

0.3  deg 

18.2  deg 

Left  Central 

-23.3 

-4.5 

14.3 

Right  Outboard 

14.2 

33.2 

52.1 

Left  Outboard 

-13.1 

-32.7 

-52.3 

PNVG  II 

Right  Central 

-18.2 

2.0 

22.2 

Left  Central 

-20.1 

0.0 

20.1 

Right  Outboard 

12.5 

32.3 

52.2 

Left  Outboard 

-11.9 

-32.3 

-52.7 

One  should  note  that  while  that  each  of  the  F  4949 
oculars  is  as  large  or  larger  that  any  individual  PNVG 
ocular,  the  total  PNVG  field  of  view  (105  degrees)  is  far 
larger  than  that  of  the  F  4949  (40  degrees).  This  is  the 
benefit  of  the  PNVG’s  additional,  non-overlapping 
outboard  channels. 


Visual  Acuity  Results 

Table  3.  Acuity  Moon. 


Conf., 

S/N 

Left 

Out. 

Left 

Cent. 

Both 

Right 

Cent. 

Right 

Out. 

1,05 

20/33 

20/30 

20/29 

20/34 

20/30 

2,01 

20/33 

20/33 

20/32 

20/31 

20/32 

4,  02 

20/36 

20/27 

20/26 

20/27 

20/34 

5,01 

20/42 

20/28 

20/27 

20/29 

20/34 

F4949 

20/26 

20/26 

20/26 

Table  4.  Acuity  Starlight. 


Conf., 

S/N 

Left 

Out. 

Left 

Cent. 

Both 

Right 

Cent. 

Right 

Out. 

1,05 

20/37 

20/37 

20/33 

20/40 

20/35 

2,01 

20/38 

20/36 

20/34 

20/36 

20/36 

4,02 

20/41 

20/31 

20/29 

20/30 

20/36 

5,01 

20/50 

20/33 

20/35 

20/33 

20/41 

F4949 

20/35 

20/36 

20/36 

Tables  3  and  4  above  show  that  the  PNVG  performs 
approximately  as  well  as  the  F  4949  at  _  moon  and 
starlight  illumination  on  target.  While  obscured 
somewhat  by  the  variability  in  the  PNVG  data,  one 
might  argue  that  at  starlight,  the  PNVG  actually 
outperforms  the  F  4949.  This  is  not  entirely  unexpected. 
The  PNVG’s  faster  f/#  objective  lenses  allow  it  to  make 
better  use  of  available  light  than  the  F4949,  improving 
low  light  acuity. 

Eyepiece  Focus  Results 

Table  5  indicates  that  the  original  PNVG  feature  of  a 
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fixed  focus  eyepiece,  set  to  -0.75  Diopters  was  not  easy 
to  achieve.  This  could  be  due  to  two  reasons.  Either 
manufacturing  techniques  are  not  quite  capable  of  setting 
this  parameter  repeatability  or  the  mechanics  are  not 
capable  of  holding  the  eyepiece  elements  in  place  for 
long  periods  of  time.  More  effort  is  required  to  optimize 
this  PNVG  parameter. 


Table  5.  Eyepiece  Diopter  Setting. 


PNVG, 
Conf.,  S/N 

Left  Out 
(D) 

Left  Cent 
(D) 

Right 

Cent  (D) 

Right 

Out  (D) 

1, 1, 05 

4.0 

-0.5 

-0.8 

-0.8 

1, 2,01 

-0.4 

-0.4 

-0.3 

-0.2 

II,  4, 02 

-0.2 

-0.5 

-0.5 

-0.5 

II,  5, 01 

-0.6 

-0.8 

-0.8 

-1.0 

Image  Discontinuity  Results 

The  data  listed  in  Table  6  was  collected  using  the  first 
Image  Discontinuity  procedure  described  above.  One 
should  remember  that  the  sign  of  the  Shear 
measurements  between  channels  is  with  respect  to  the 
central  image.  Outboard  images  which  appear  lower 
than  the  central  image  are  considered  to  have  negative 
shear.  Also,  the  image  flaw  labeled  “Holes”  is  an 
assessment  of  the  lack  of  overlap  between  central  and 
outboard  oculars,  or  holes  in  the  field  of  view.  A 
negative  sign  in  the  “Holes”  category  overlap  in  adjacent 
fields  of  view.  One  should  also  note  that  due  to  the  way 
these  measurements  were  made,  there  is  a  measurement 
threshold,  below  which  the  defect  is  noticeable  but  not 
measurable.  Noticeable  image  flaws  smaller  than  3 
minutes  of  arc  wfere  listed  in  Table  5  as  “Minor.” 


in  this  series  of  tests  but  this  photo  indicates  it  should 
be).  In  addition,  the  horizontal  lines  of  the  two  oculars  in 
Figure  6  are  not  eo-linear  indicating  the  one  of  the  ocular 
channels  has  an  image  rotation  compared  to  the  other. 


In  Figure  6  the  faint  double  line  in  the  center  of  the  photo 
indicates  the  two  ocular  channels  do  not  have  their  input 
and  output  optical  axes  properly  aligned  (this  has  been 
termed  "eollimation"  in  test  procedures  for  earlier 
NVGs).  This  results  in  a  minor  "double  image"  at  the 
interface  of  the  two  ocular  channels.  All  of  these  effects 
are  not  readily  apparent  when  viewing  through  these 
PNVGs  at  natural  outdoor  scenes.  It  is  expected  that 
further  work  will  be  done  on  this  measurement  procedure 
to  provide  quantitative  results  instead  of  just  qualitative 
insight. 


Table  6.  Discontinuity. 


Shear 

Holes 

Left 

BEBUI 

Left 

nm 

-4.8 

Minor 

Minor 

|  1, 2,  0001 

Minor 

Minor 

23.9 

7 

14 

-7 

9 

II,  5, 0001 

-4,8 

-9.5 

Minor 

Minor 

Although  the  photographic  procedure  (the  second  Image 
Discontinuity  procedure  described  above)  has  not  yet 
been  fully  developed,  it  is  apparent  from  the  few  photos 
taken  so  far  that  we  should  be  able  to  use  it  to  estimate 
the  errors  of  interest.  The  following  photo  (Figure  6) 
were  taken  through  the  left  oculars  and  right  oculars 
respectively.  In  each  of  these  photos  It  is  apparent  that 
there  is  some  discontinuity  between  the  pair  of  oculars 
captured  in  the  photo.  For  example,  in  Figure  6  the 
horizontal  lines  are  almost  matched  at  the  top  of  the 
interface  between  the  oculars  but  they  are  very  clearly 
separated  at  the  bottom  of  the  photo  indicating  that  there 
may  be  a  slight  magnification  difference  between  the  two 
oculars  (note:  magnification  of  oculars  was  not  measured 


Gain  Results 

Table  7.  Gain. 


PNVG, 
Conf,  S/N 

Left 

Out 

Left 

Cent 

Right 

Cent 

Right 

Out 

1,1,05 

5158 

3579 

4579 

4316 

1, 2, 01 

3850 

4400 

4297 

3082 

II,  4, 02 

4758 

5569 

5888 

4978 

II,  5, 01 

4743 

5595 

4368 

6270 

F4949D 

8427 

7837 

The  data  in  Table  7  indicate  that  the  tested  PNVG 
systems  did  not  exhibit  gain  as  high  as  the  F  4949.  It 
should  be  noted  that  the  newness  of  the  PNVG  tube  and 
optical  design  created  difficulties  for  the  manufacturer  in 
setting  system  gain.  This  should  be  overcome  in  later 
versions.  Also,  the  comparison  F  4949  was  a  prototype 
high  gain  design. 

Maximum  Output  Luminance  Results 

Table  8  shows  that  the  tested  PNVGs  exhibited 
maximum  output  luminance  between  2.15  and  4.9  fL. 
This  wide  spread  in  the  data  is  most  likely  due  to  the 
newness  of  the  PNVG  image  intensifier  tube  and  the  lack 
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of  experience  on  the  part  of  the  manufacturer  in  setting 
this  parameter.  This  should  be  overcome  in  later 
versions. 


PMVG, 
Conf.,  S/N 

Left  Out 

(fL)  . 

Left  Cent 

(fL) 

Right 

Cent  (fL) 

Right 

Out  (fL) 

1, 1,05 

2.95 

2.40 

3.24 

3.22 

1,2,01 

3.01 

2.49 

2.63 

2.15 

II,  4,  02 

2.90 

2.56 

2.29 

3.07 

II,  5, 01 

2.21 

3.92 

2.15 

4.92 

F4949 D 

2.77 

2.82 

Eye  Relief  Results 
Table  9.  Eye  relief. 


PNVG, 

Conf., 

S/N 

Left  Out 
(mm) 

Left  Cen 
(mm) 

Right 

Cen(mm) 

Right 

Out(mm) 

1,1,05 

24.5 

25.8 

24.8 

24.5 

1, 2,01 

24.8 

24.7 

24.3 

25.0 

II,  4, 02 

30.4 

29.9 

31.4 

31.3 

II,  5,  01 

29.9 

27.7 

28.8 

27.4 

F4949 D 

23.7 

23.0 

One  should  note  from  the  data  listed  in  Table  9  that  the 
PNVG  I  was  able  to  exhibit  eye  relief  on  par  with  the  F 
4949  in  spite  of  its  folded  optical  design,  which  tends  to 
reduce  eye  relief.  Eye  relief  performance  of  the  optically 
simpler  PNVG  II  well  exceeded  both  the  PNVG  I  and 
the  F  4949  due  in  part  to  its  simpler  optical  design  and 
faster  f7#  optics. 

DISCUSSION  AND  CONCLUSIONS 
The  procedures  documented  in  this  paper  and  in  Task,  et 
al,  1993  still  stand  incomplete.  Little  is  known  about  the 
repeatability  and  reproducibility  limits  of  these  tests,  as 
defined  by  ASTM  E  177-90a  and  ASTM  E  691-92. 
Some  attention  has  been  paid  to  determining  the 
repeatability  of  the  AFRL  NVG  test  procedures.  But,  at 
this  time  only  work  on  gain  measurement  repeatability 
has  been  published  (Aleva,  1998).  Unfortunately,  the 
results  of  this  work  were  less  than  encouraging.  Future 
work  is  clearly  required  to  resolve  this  issue. 

However,  even  after  considering  all  this,  one  can  still 
draw  relevant  comparisons  between  PNVG  systems. 
PNVG  II  tends  to  have  better  visual  acuity  performance 
and  longer  eye  relief  than  PNVG  I  due  in  part  to  the 
simpler  optical  design.  It  is  also  possible  to  draw 
relevant  comparisons  between  the  PNVG  and  the  F4949 
since  both  sets  of  data  presented  here  were  collected 
using  the  same  equipment,  experimental  conditions, 
laboratory,  and  technicians.  One  can  conclude,  from  the 
data  provided  here,  that  the  PNVG  is  capable  of 
performing  at  least  as  well  as  the  F4949  D  NVG. 


Some  of  the  inconsistency  in  the  PNVG  data  can  be 
attributed  to  the  fact  that  the  systems  examined  were 
prototypes  and  not  production  quality  models.  The 
newness  of  the  PNVG  image  intensifier  tube  and  optical 
design  created  difficulties  for  the  manufacturer  in  setting 
certain  parameters.  This  should  be  overcome  in  later 
versions.  Much  improvement  is  expected  as  the 
manufacturer  becomes  more  familiar  with  this  complex 
imaging  system. 

It  should  also  be  pointed  out  that  the  PNVG  is  clearly 
superior  to  the  F4949  in  one  category  in  particular,  field 
of  view.  And,  the  operational  benefit  of  this  much- 
needed  improvement  is  just  now  becoming  known. 
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PREFACE 


The  work  described  in  this  technical  report  was  funded  under  Program  Element 
62202F  Project  7184-18-07  entitled  "Night  Vision  Devices"  and  Program  Element  63231F 
Project  3257  entitled  "Helmet-Mounted  Systems  Technology"  (HMST).  The  primary 
purpose  of  this  report  is  to  document  the  night  vision  goggle  (NVG)  measurement  methods 
that  have  been  developed  to  quantify  the  performance  of  the  NVGs.  The  motivation  was  to 
develop  standardized  procedures  that  could  be  used  for  any  NVG  without  dissecting  the 
NVG  and  measuring  the  component  parts.  These  methods  were  used  to  evaluate  the  I- 
NIGHTS  night  vision  goggles/helmet-mounted  displays  developed  under  the  HMST 
program.  These  procedures  are  still  being  developed  and  the  reader  should  understand  that 
some  of  these  procedures  may  be  modified  in  the  future  to  improve  their  accuracy, 
repeatability,  and/or  utility. 


INTRODUCTION 


Night  vision  goggles  (NVGs)  have  become  a  key  technology  for  fighting  and 
flying  at  night  in  both  fixed  wing  and  rotary  wing  aircraft.  With  the  success  of  NVG 
technology  came  a  flood  of  NVGs  in  different  configurations  designed  to  improve  their 
characteristics.  In  order  to  evaluate  these  different  NVG  designs  it  is  highly  desirable  to 
have  a  collection  of  standardized  measurement  procedures  to  permit  critical  comparisons 
between  devices.  The  purpose  of  this  report  is  to  document  some  of  the  measurement 
procedures  that  have  been  developed  to  assess  the  characteristics  of  night  vision  goggles. 
In  each  case  it  is  assumed  that  the  NVG  cannot  be  disassembled,  which  would  permit  the 
measurement  of  individual  components,  but  instead  must  be  measured  as  a  whole.  It 
should  be  further  noted  that  the  procedures  described  herein  are  still  subject  to  further 
revision  as  more  experience  is  gained  from  their  application.  Depending  on  the  design  of 
the  NVGs  (folded  optics,  off-set  input/output  axes,  eyepiece  combiners,  etc.)  some  of  the 
procedures  are  more  difficult  to  apply  than  others. 

Prior  to  evaluation  of  any  NVG  it  is  critical  that  the  NVG  be  properly  prepared  to 
insure  fair  and  accurate  measurement  of  its  characteristics.  The  optics  should  be  carefully 
cleaned  and  adjusted.  If  the  NVG  has  adjustable  objective  lenses  and/or  eyepiece  lenses, 
these  need  to  be  set  for  infinity  and  zero  diopters  respectively.  For  measurements 
involving  brightness  and  brightness  gain  the  NVG  should  have  fresh  batteries  to  insure 
optimum  results.  During  testing  the  NVGs  should  be  checked  periodically  to  make  sure 
the  optics  are  still  clean  (no  fingerprints!). 


BRIGHTNESS  AND  BRIGHTNESS  GAIN 


1.1  Introduction 


Brightness  and  brightness  gain  are  measurements  of  the  luminance  output  of 
NVGs  as  a  function  of  luminous  input.  In  strictest  terms,  these  parameters  should  really 
be  called  luminance  and  luminance  gain ,  because  the  measurements  conducted  for  this 
part  of  the  evaluation  are  photometric.  Brightness  implies  visual  perception,  an 
unmeasurable  quantity.  However,  since  brightness  and  brightness  gain  have  been  the 
terms  used  traditionally,  we  will  conform  to  this  convention. 

Night  vision  goggles  cannot  work  in  complete  darkness.  They  are  essentially 
amplifiers  of  visible  and  near-infrared  radiation.  The  measurement  of  brightness  and 
brightness  gain  give  some  indication  of  how  well  a  night  vision  system  amplifies  natural 
ambient  light.  Brightness  is  a  measurement  of  the  limit  imposed  on  the  maximum  goggle 
output  by  the  automatic  gain  control  and  gives  an  indication  of  how  easily  a  user  could 
see  the  intensified  image  of  a  well  lighted  area.  The  NVG's  brightness  gain  is  the  ratio  of 
the  output  luminance  from  the  goggle  to  the  input  luminance  to  the  goggle. 

NVGs  have  an  unusual  spectral  sensitivity,  which  makes  the  concept  of  brightness 
gain  difficult  to  define.  Gain  involves  a  ratio  of  similar  quantities,  in  this  case, 
luminances,  which  are  only  defined  for  the  spectral  sensitivity  of  the  human  eye. 
Unfortunately,  the  eye  and  the  NVG's  image  intensifier  tube  are  sensitive  to  slightly 
different  regions  of  the  spectrum.  Problems  arise  because  the  NVGs  can  "see"  sources 
which  are  undetectable  by  the  human  eye  and,  therefore,  have  zero  luminance.  This 
allows  a  condition  in  which  infinite  gain  could  be  calculated.  For  example,  a  source 
emitting  light  with  a  wavelength  of  900  nanometers  would  have  zero  luminance  because 
the  eye  is  relatively  insensitive  to  infrared  radiation.  But  when  viewed  through  an  NVG, 
which  is  very  sensitive  to  this  wavelength,  the  system  will  produce  a  non-zero  output 
luminance.  A  non-zero  output  luminance  divided  by  a  zero  input  luminance  will  produce 
an  infinite  value  for  gain. 


*  To  overcome  this  problem,  it  is  neeessaiy  to  define  a  specific  spectral  distribution 
for  an  input  light  source  which  emits  radiation  in  both  the  visible  and  near  infrared 
spectral  region.  The  visible  portion  of  the  emitted  radiation  provides  a  measurable,  non¬ 
zero  input  luminance.  A  light  source  simulating  a  2856  degree  Kelvin  (K)  black  body 
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Integrating  NVG 


Figure  l.  Test  setup  for  the  brightness  gain  procedure. 

radiator  was  selected  because  it  is  a  standard  lamp,  is  easily  approximated  using  halogen 
bulbs,  and  is  specified  as  a  light  source  for  testing  image  intensifier  tubes  in  the  ANVIS 
image  intensifier  assembly  specification  (6). 

1.2  Approach 

The  input  light  source  may  be  any  device  that  approximates  the  spectral 
distribution  of  a  2856  K  blackbody  radiator,  emits  very  uniform  luminance  across  its 
field,  and  can  fill  the  entire  field  of  view  (FOV)  of  the  NVG  under  test.  Either  an 
integrating  sphere  or  a  uniform,  wide  field  of  view  collimator  is  a  good  choice. 

The  equipment  arrangement  for  the  brightness  and  brightness  gain  measurement 
using  an  integrating  sphere  is  shown  in  Figure  1.  The  arrangement  for  use  with  a 
collimator  is  the  same,  except  the  collimator  replaces  the  sphere.  This  procedure  requires 
a  light  source  with  a  desired  luminance  range  of  10’6  footlamberts  (fL)  to  0.02  fL  and  a 
photometer  which  must  be  sensitive  down  to  10'5  fL. 

Controlling  the  output  from  the  light  source  while  maintaining  the  correct  color 
temperature  and  uniformity  of  its  luminance  across  the  output  field  is  essential  for 
accurate  results.  This  is  best  accomplished  by  using  a  variable  slit  or  aperture  between 
the  bulb  and  the  integrating  chamber  of  the  light  source.  Altering  the  bulb  voltage  to 


change  the  output  level  will  alter  the  source's  color  temperature.  All  these  factors  must 
be  carefully  considered  when  choosing  a  light  source  because  of  their  significant  impact 
on  the  results. 

The  photometer  used  was  modified  with  a  7  mm  limiting  aperture  over  its 
objective  lens  for  this  procedure  only.  The  7  mm  aperture  was  chosen  because  it  is  the 
same  diameter  as  the  widest  eye  pupil  in  low  luminance  conditions.  Its  presence  required 
the  photometer  to  be  recalibrated  to  compensate  for  the  reduced  light  gathering  capacity. 
However,  the  aperture  was  necessary  to  ensure  accurate  luminance  readings  from  NVGs 
with  exit  pupil  forming  optical  systems.  If  the  photometer  objective  lens  is  larger  than 
the  NVG  exit  pupil,  erroneously  low  readings  will  be  obtained. 

The  photometer  is  positioned  in  front  of  the  light  source  to  check  its  calibration 
and  ensure  that  the  emitted  luminance  values  are  correct  for  the  corresponding  aperture 
settings.  The  NVG  to  be  tested  is  positioned  with  the  objective  lens  of  one  ocular  as 
close  to  the  light  source  as  possible.  The  limiting  aperture  of  the  photometer  is  placed  at 
the  expected  eye  position  of  the  NVG  and  pointed  toward  the  approximate  center  of  the 
NVG's  field  of  view.  The  measuring  field  of  view  of  the  photometer  should  be  no  greater 
than  2°  as  stated  in  the  ANVIS  image  intensifier  assembly  specification. 

Once  all  components  have  been  positioned,  the  light  source  is  adjusted  to  produce 
an  input  to  the  NVG  objective  lens  of  10-5  fL.  The  output  luminance  from  the  NVG  is 
measured  by  the  photometer  and  recorded.  The  aperture  in  the  light  source  is  then 
adjusted  to  produce  a  higher  luminance  and  the  photometer  reading  is  again  recorded. 
This  is  repeated  until  the  lamp  reaches  its  maximum  luminance  capability,  0.02  fL. 

The  step  sizes  between  luminance  levels  should  be  spaced  more  closely  at  lower 
levels  and  further  apart  at  higher  levels.  Changing  values  by  a  factor  of  two  is  a  good 
compromise  between  limiting  the  procedure  to  a  reasonable  number  of  data  points  and 
providing  sufficiently  fine  interval  spacing  so  as  not  to  miss  any  interesting  effects  (see 
Table  1), 


1.3  Results 

The  results  from  this  measurement  procedure  can  be  displayed  in  tabular  form 
(see  Table  1)  with  three  columns  of  data:  input  luminance,  output  luminance,  and  the 
ratio  of  output  to  input  labeled  brightness  gain.  The  raw  data  can  also  be  displayed  in 


Table  1 .  Example  of  brightness  gain  tabular  data. 


Input  luminance  (fL) 

1.10X10-5 
2.30X10-5 
4.60X10-5 
9.20X10-5 
1.84X1 0‘4 
3.67X10-4 
7.34X10-4 
1.47X10-3 
2.94X10-3 
5.88X10-3 
1.18X10-2 
2.35X10-2 


Output  luminance  (fLI 

0.0200 

0.0400 

0.0800 

0.170 

0.350 

0.720 

1.23 

1.24 

1.25 

1.26 

1.27 

1.27 


Brightness  gain  (unitless) 
1820 
1740 
1740 
1850 
1900 
1960 
1680 
849 
425 
214 
107 
54.0 


graphical  form  (Figure  2)  with  output  luminance  plotted  against  input  luminance.  The 
maximum  output  luminance  value  obtained  is  then  recorded  as  the  maximum  brightness 
of  the  NVG. 

As  noted  from  Table  1,  brightness  gain  is  a  unitless  fraction  describing  the  ratio  of 
light  out  of  the  system  to  light  into  the  system  at  specific  input  light  levels,  while 
brightness  is  the  luminance  output  at  the  same  input  light  levels,  expressed  in  ft- 
Lamberts.  Brightness  gain  is  determined  by  dividing  the  output  luminance  by  the  input 
luminance  (column  three  in  Table  1).  This  can  also  be  graphed  as  the  brightness  gain  as  a 
function  of  input  luminance  (Figure  3).  The  gain  at  3.67  *  10’4fL  input  is  recorded  as  the 
brightness  gain.  This  value  is  somewhat  arbitrary  and  was  chosen  because  most  NVGs, 
tested  in  this  fashion,  reach  their  maximum  brightness  gain  value  at  or  near  this 
luminance  input  level. 


1.4  Comments 

R  must  be  kept  in  mind  that  the  results  are  for  a  specific  standard  lamp  color 
temperature.  When  spectral  distribution  or  color  temperature  of  the  light  source  is 
different,  different  results  will  be  obtained. 


458 


Input  Luminance  (fL) 


*  Lsft  Ocular  0"  Right  Ocular 


Figure  2.  Output  luminance  vs,  input  luminance 


‘  Left  Ocular 


'  Right  Ocular 
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Figure  3,  Brightness  gain  vs.  input  luminance 


The  brightness  gain  graph,  such  as  Figure  3,  provides  some  information  on  how 
well  the  NVG  amplifies  light.  However,  the  luminance  output  curve  shown  in  Figure  2, 
which  is  also  obtained  from  this  procedure,  provides  an  indication  of  how  much  light  the 
observer  has  to  see  in  the  NVG  image.  Since  visual  acuity  of  the  observer  varies 
considerably  with  light  level  (4)  the  latter  curve  provides  some  information  as  to  the 
visual  capacity  of  the  observer  to  extract  key  information  from  the  scene  as  displayed  by 
the  NVG. 

Table  1  and  Figures  2,  and  3  indicate  that  brightness  and  brightness  gain  are 
affected  by  the  level  of  input  luminance,  although  they  are  typically  only  recorded  at 
specific  values,  brightness  at  its  maximum  value  and  brightness  gain  at  an  input 
luminance  of  about  3.67  *  1(H  fL.  This  can  be  misleading,  since  the  NVGs  are  often 
operated  at  light  levels  other  than  those  at  which  these  maximum  brightness  and 
brightness  gain  values  occur. 

All  NVGs  are  equipped  with  an  automatic  gain  control  to  protect  the  goggles  from 
damage.  The  graphs  of  brightness  and  brightness  gain  are  heavily  influenced  by  the  gain 
control  circuit.  It  limits  the  maximum  brightness  leaving  an  NVG  and  determines  at  what 
input  light  level  the  slope  of  the  brightness  and  brightness  gain  curves  begin  to  change. 

This  procedure  requires  that  the  light  source  fills  the  full  field  of  view  of  the 
NVG.  If  this  is  not  the  case,  it  is  possible  to  obtain  drastically  different  brightness  and 
brightness  gain  results.  The  automatic  gain  control  limits  the  total  current  flow  within  the 
image  intensifier  tube.  The  same  current  may  be  generated  from  a  considerable  amount 
of  light  on  a  small  area  of  the  NVG  or  by  a  small  amount  of  light  on  a  large  area.  In  the 
first  case,  the  output  luminance  will  be  much  higher  than  in  the  latter.  Figure  4  shows 
several  brightness  curves  that  were  generated  by  filling  up  different  fractions  of  the  field 
of  view.  Note  that,  as  the  area  of  the  light  source  is  reduced  at  the  input,  much  higher 
maximum  output  luminances  are  obtained. 


460 


Output  (Ft *L1 


8  8.984  8.988  8.812  9.816  8.82  8.824  8.828  9.852 

Input  ift-U 

n  f  »ii  t  <8  o  D**i  &  18  De<? 


Figure  4.  Output  luminance  vs.  input  luminance  for  various  illuminated  fields  of  view. 


GEOMETRIC  IMAGE  PARAMETERS 


2.1  Introduction 

The  four  parameters  addressed  in  this  section:  1)  distortion,  2)  image  rotation,  3) 
magnification,  and  4)  optical  axis  misalignment,  all  deal  with  geometric  aspects  of  the 
image  produced  by  the  night  vision  goggles.  Thus,  a  single  measurement  procedure  was 
developed  to  capture  all  four  parameters  simultaneously. 

Distortion,  the  non-linear  mapping  of  the  outside  scene  to  the  output  image  plane, 
is  probably  the  most  difficult  parameter  to  characterize,  because  there  are  several  types  of 
distortion  that  may  occur  in  NVGs.  The  optical  system  may  cause  barrel  or  pincushion 
distortion.  The  fiber  optic  twist,  which  is  used  in  many,  but  not  all  NVG  designs,  may 
produce  both  shear  effects  and  "S"  distortion.  Of  all  of  these,  the  procedure  herein 
described  is  primarily  directed  at  characterizing  the  "S"  distortion,  although  evidence  of 
shear,  barrel,  and  pincushion  distortion  may  also  be  detected.  "S"  distortion  originates  in 
the  fiber  optic  plug,  which  is  used  to  invert  the  image  intensifier's  output  image,  when  it 
is  manufactured  by  heating  and  twisting  approximately  180°.  The  "S"  distortion  is  so 
named  because  there  is  usually  a  small  amount  of  residual  effect  due  to  the  twist  that 
produces  an  "S"  shaped  curve  from  a  straight  line  input.  The  more  the  output  image 
departs  from  a  straight  line,  the  worse  the  distortion. 

Another  problem  encountered  with  NVGs  is  image  rotation.  For  NVGs 
incorporating  fiber  optics,  the  fiber  optic  plug  may  be  twisted  somewhat  more  or  less  than 
180°,  resulting  in  the  output  image  being  rotated  compared  to  either  the  input  image  or 
the  other  ocular.  This  effect  may  also  be  exaggerated  by  inaccurate  alignment  of  the 
mirrors  in  a  folded  optical  system. 

Magnification  is  another  geometric  image  parameter  that  must  be  addressed. 
Most  NVGs  are  designed  to  have  unity  magnification.  However,  if  there  is  a  mismatch 
between  the  objective  lens  and  the  eyepiece  lens,  it  is  possible  to  have  a  small  amount  of 
magnification  (or  minification).  The  procedure  can  determine  the  amount  of  image  size 
increase  or  decrease  produced  by  the  NVG  lens  and  image  intensifier  tube  system 
compared  to  the  unity  magnification  of  the  unaided  eye. 
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An  additional  problem  area  is  optical  axis  alignment.  Since  the  combination  of 
objective  lenses,  folding  optics,  image  intensifier  and  eyepiece  lenses  is  relatively 
complex,  it  is  possible  to  have  a  mismatch  between  the  input  optical  axis  and  the  output 
optical  axis.  Thus,  objects  that  are  at  a  particular  point  in  object  space  may  appear  to  be 
at  a  different  point  when  viewed  with  NVGs.  The  parameter  measured  is  the  relative 

angular  difference  between  the  objective  lens  optical  axis  and  the  eye  lens  optical  axis  for 
NVGs. 


2.2  Approach 


The  equipment  required  for  this  measurement  includes  a  rotary  table,  on  which  to 
mount  the  NVGs,  a  collimator  with  single  small  point  image,  a  small,  CCD  array  video 
camera,  and  a  video  monitor.  It  is  also  necessary  to  have  digital  calipers  to  accurately 
measure  distance  on  the  face  of  the  video  monitor.  Figure  5  depicts  the  arrangement  of 
the  equipment  for  this  measurement  procedure. 

To  conduct  this  measurement  correctly,  the  CCD  camera  must  be  fitted  with  a 
comparatively  long  focal  length  lens,  on  the  order  of  100  mm  to  120  nun.  This  makes  the 
camera  more  sensitive  to  optical  defect  phenomena  by  creating  a  larger  spot  size  and 


Figure  5.  Test  setup  for  the  distortion  procedure. 
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larger  movements  on  the  video  monitor  which  are  easier  to  measure  accurately.  The 
camera  field  of  view  must  also  be  known  in  order  to  convert  linear  distance  on  the 
monitor  into  units  of  angular  deviation. 

The  video  camera  is  adjusted  in  front  of  the  collimator,  without  the  NVG  in  the 
system,  until  the  small  point  image  appears  in  the  center  of  the  video  monitor.  This 
aligns  the  optical  axis  of  the  video  camera  with  the  collimator.  The  NVG  is  then 
mounted  on  the  rotary  table  between  the  video  camera  and  the  collimator  such  that  the 
axis  of  rotation  of  the  table  is  directly  below  the  eye  position  of  the  NVG.  The  camera  is 
then  adjusted  to  position  its  objective  lens  directly  over  the  table's  axis  of  rotation.  The 
spot  of  light  within  the  collimator  should  now  be  visible  on  the  monitor  when  viewed 
through  the  NVG.  If  the  spot  is  no  longer  in  the  center  of  the  video  monitor,  then  the 
input  and  output  optical  axes  of  the  NVG  are  not  in  alignment.  By  knowing  the  angular 
field  of  view  of  the  video  camera  and  the  linear  vertical  and  horizontal  distance  that  the 
spot  of  light  has  moved  from  the  center  of  the  video  monitor,  the  elevation  (vertical)  and 
azimuth  (horizontal)  angular  misalignment  value  can  be  calculated. 

After  the  on-axis  misalignment  has  been  recorded,  the  rotary  table  is  then  turned 
both  clockwise  and  counter-clockwise,  until  a  line  across  the  full  field  of  view  has  been 
scanned.  At  each  field  angle  the  vertical  and  horizontal  position  of  the  spot  of  light  on 
the  video  monitor  is  measured  and  recorded. 

23  Results 

At  the  end  of  the  above  procedure,  one  has  a  table  of  results  that  consists  of  three 
columns:  1)  horizontal  angular  position,  2)  vertical  angular  offset,  and  3)  horizontal 
angular  offset.  Table  2  shows  results  for  a  typical  NVG.  These  data  points  can  be 
graphed  and  analyzed  in  different  ways  to  obtain  information  on  each  of  the  four 
geometric  parameters  discussed.  To  determine  the  presence  of  unusual  distortion 
phenomena,  the  vertical  and  horizontal  offset  data  was  plotted  against  angular  position  in 
Figure  6.  Curved,  symmetric  edges  of  the  graph  indicate  barrel  or  pincushion  distortion. 
Jagged  discontinuities  indicate  areas  of  shear  effects. 

Optical  Axes  Misalignment  Analysis 

9 

The  misalignment  from  the  input  to  the  output  optical  axis  can  be  determined 
from  the  zero  position  angular  offset.  The  offset  in  both  vertical  and  horizontal 
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Figure  6.  Distortion:  offset  data  plotted  vs.  angular  position. 


Figure  7.  Magnification:  output  azimuth  angle  vs.  input  azimuth  angle. 


Table  2.  Geometric  measurement  procedure  tabular  data. 


Horizontal  Position 
degrees 

-15 

-14 

-13 

-12 

-11 

-10 

-9 

-8 

-7 

-6 

-5 

-4 

-3 

-2 

-1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 


Vertical  Offset 
miliiradians 

-6.977 

-6.284 

-5.365 

-4.625 

-3.575 

-3.170 

-2.370 

-1.775 

-1.324 

-1.025 

-0.765 

-0.559 

-0.339 

-0.165 

-0.015 

0.0 

0.068 

0.570 

0.823 

0.904 

1.134 

1.466 

1.800 

2.362 

2.863 

3.491 

3.922 

4.929 

5.137 

5.395 

4.559 


Horizontal  Offset 
miliiradians 

-3.189 

-2.903 

-2.549 

-2.580 

-2.331 

-2.357 

-2.057 

-1.686 

-1.643 

-1.177 

-0.917 

-0.700 

-0.426 

-0.286 

-0.197 

0.0 

0.166 

0.354 

0.466 

0.523 

0.889 

1.174 

1.143 

1.383 

1.394 

1.783 

2.154 

1.866 

1.880 

1.871 

2.040 
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dimensions  from  the  zero  degree  field  angle  position  in  Table  2  is  the  amount  of  vertical 
and  horizontal  misalignment.  A  single  quantity  representing  the  angular  misalignment 
between  the  two  viewing  axes,  O,  of  the  NVG  is  also  determined  by  taking  the  square 
root  of  the  sum  of  the  squares  of  the  vertical  and  horizontal  offset  (equation  2. 1), 

0  =  ^X2  +  Y2  (2.1) 

where  Y  is  the  vertical  angular  offset  in  degrees  and  X  is  the  horizontal  angular  offset  in 
degrees.  This  measurement  can  be  recorded  in  milliradians,  degrees,  or  minutes  of  arc. 

Magnification  Analysis 


If  magnification  other  than  unity  magnification  is  present  in  the  system,  then  the 
horizontal  angular  offset  would  increase  at  a  uniform  rate  with  respect  to  the  horizontal 
field  angle  as  the  horizontal  angular  scan  is  produced.  This  can  be  graphed  as  the 
horizontal  field  angle  plus  horizontal  angular  offset  versus  actual  input  field  angle.  Since 
there  is  also  typically  some  distortion  present,  this  line  may  not  be  perfectly  straight.  To 
circumvent  this  problem,  a  linear,  least-squares  fit  is  made  to  the  data  to  provide  a  best  fit 
line  with  slope  and  intercept.  The  slope  of  the  least-squares  fit  straight  line  is  the 
magnification  of  the  system.  A  reference  slope  of  one,  representing  unity  magnification, 
is  also  graphed  for  comparison  with  the  measured  value  (see  Figure  7).  Note  that  this 
analysis  can  easily  be  modified  to  examine  data  from  a  smaller  portion  of  the  total 
system.  If  there  is  significant  distortion  at  the  outer  edges,  for  example,  the  data 
reduction  can  be  restricted  to  the  central  80%  of  the  field  of  view. 

Image  Rotation  Analysis 

Image  rotation  analysis  is  very  similar  to  that  done  for  the  magnification,  except 
the  vertical  (elevation)  angular  offset  is  graphed  as  a  function  of  horizontal  field  angle. 
Again,  a  linear,  least-squares  fit  line  is  computed  and  graphed  along  with  the  data  (see 
Figure  8).  The  amount  of  image  rotation,  0,  is  the  arctangent  of  the  slope,  ±m,  of  the 
best  fit  line  (see  Equation  2.2). 


0=tan_1(±m) 


(2.2) 
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Elevation  Error  -  Linear 


Figure  8.  Image  rotation:  vertical  angular  offset  vs.  input  azimuth  angle. 


Figure  9.  "S"  Distortion:  vertical  offset  minus  rotation  curve  fit  error  vs.  input  azimuth 

angle. 
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Distortion  Analysis 


The  "S"  distortion  can  be  displayed  on  the  same  graph  as  image  rotation. 
However,  to  obtain  a  clearer  picture  of  the  "S"  distortion  by  itself,  the  linear  best  fit  curve 
for  image  rotation  can  be  subtracted  from  the  vertical  angular  offset  data.  This  difference 
can  then  be  graphed  against  horizontal  field  angle.  Current  specifications  require  that  the 
"S"  pattern  fit  between  two  horizontal  lines,  such  as  those  on  the  graph  in  Figure  9,  that 
are  spaced  ±1.22  milliradians  from  the  origin,  corresponding  to  a  ±30  microns  maximum 
allowed  by  the  ANVIS  image  intensifier  assembly  specification.  This  value  is  for  the 
fiber  optic  plug  only  and  comes  from  the  ANVIS  image  intensifier  assembly 
specification.  It  can,  however,  be  generalized  to  the  NVG  as  a  whole.  For  a  quantitative 
measure  of  the  "S"  distortion,  the  maximum  value  is  subtracted  from  the  minimum  value 
to  obtain  the  peak  to  valley  amplitude  of  the  curve. 

2.4  Comments 

The  angular  offset  in  both  the  vertical  and  horizontal  dimensions  from  the  zero 
degree  field  position  (Table  2)  demonstrates  the  amount  of  vertical  and  horizontal  optical 
axis  misalignment.  Ideally,  the  collimator  output  is  used  to  define  the  optical  axis  of  the 
video  camera  and  the  input  optical  axis  of  the  NVG  system.  With  exaggerated  offset 
optical  systems  where  the  separation  between  the  camera  axis  and  the  NVG  input  axis  is 
greater  than  the  collimator  lens  diameter,  a  slight  modification  of  this  procedure  is 
needed.  The  measurement  is  then  accomplished  by  translating  the  collimated  light  source 
from  the  eyepiece  position  to  the  objective  lens  position,  measuring  the  change  in 
position  of  the  point  light  source  on  the  video  monitor. 

The  evaluator  must  be  careful  not  to  introduce  tip  or  yaw  of  the  collimator  into  the 
system  as  the  collimator  is  translated.  Doing  so  would  destroy  the  axis  reference  with  the 
video  camera  and  render  the  results  meaningless.  Strong,  precision  machined  mounts  are 
required  to  prevent  this. 

Magnification  other  than  unity  magnification  along  the  edges  of  the  image  is  an 
indication  of  either  pincushion  or  barrel  distortion.  These  aberrations  can  be  caused  by 
either  the  relay  or  imaging  optics,  the  fiber  optics,  or  by  some  combination. 
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EXIT  PUPIL  SIZE  (DIAMETER) 


3.1  Introduction 

NVG  optics  can  be  either  non-pupil  forming  or  pupil  forming.  The  measurement 
of  exit  pupil  size  is  a  procedure  performed  on  real  pupil  forming  systems  only.  A  pupil 
forming  system,  such  as  a  telescope,  has  an  area  where  the  entire  image  can  be  seen  as 
long  as  the  eye  is  anywhere  within  it.  However,  as  the  eye  begins  to  move  out  of  the  exit 
pupil  the  image  first  begins  to  dim  and  finally  disappears  when  the  eye  entrance  pupil  is 
completely  outside  of  this  area  (7).  In  pupil  forming  NVG  optical  systems,  the  exit  pupil 
is  the  image  of  the  aperture  slop  as  viewed  from  image  space. 

3.2  Approach 

The  equipment  arrangement  for  the  exit  pupil  measurement  using  a  collimator  is 
shown  in  Figure  10.  An  integrating  sphere  can  also  be  used,  provided  the  NVG  field  of 
view  is  filled.  This  procedure  requires  a  translational  target  stand  with  a  mounted  screen 
of  thin  diffusing  material. 

The  objective  lens  of  the  NVG  is  placed  close  to  the  exit  aperture  of  the 
collimator,  ensuring  the  NVG's  field  of  view  is  fully  illuminated.  The  translation  stage 
with  the  diffusing  screen  is  then  placed  behind  the  NVG  eyepiece.  With  the  NVGs  on 
and  the  room  completely  dark,  the  real  image  (circle  of  light  with  the  smallest  diameter) 
formed  by  the  eyepiece  is  brought  into  focus  on  the  diffuser  by  moving  the  translation 
stand  toward  or  away  from  the  NVG.  The  diameter  of  the  image,  or  exit  pupil  diameter, 
is  then  measured  with  digital  calipers  and  recorded.  This  procedure  is  repeated  five  times 
to  obtain  an  average  value. 


3.3  Results 

The  results  from  this  measurement  procedure  can  be  displayed  in  tabular  form 
(see  Table  3).  Due  to  the  subjectivity  of  the  measurement,  the  data  is  statistically 
analyzed  so  that  the  confidence  interval  (C.I.)  of  the  measurements  can  be  determined. 
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Collimated  light 


a 

DC  power 
supply 


Figure  10,  Test  setup  for  the  exit  pupil  diameter  procedure. 
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3.4  Comments 


It  may  be  noted  that  different  materials  can  be  used  for  the  screen.  Anything  that 
is  translucent  and  scatters  light  relatively  uniformly  could  be  used.  Unfortunately,  the 
thickness  of  the  diffuser  limits  the  precision  of  the  measurement.  When  trying  to 
determine  the  exact  location  of  an  image  plane  to  a  tenth  of  a  millimeter,  it  becomes  the 
limiting  factor.  Therefore,  a  thin  diffusing  material,  such  as  cellophane  tape,  produces 
the  best  results. 
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EYE  RELIEF 


4.1  Introduction 

As  already  noted,  some  N V Gs  are  pupil  forming  and  some  are  non-pupil  forming 
systems.  The  procedure  for  measuring  eye  relief  changes  somewhat  depending  on  which 
of  the  two  types  is  being  tested,  but  the  basic  definition  remains  the  same.  In  this  report, 
eye  relief  is  defined  as  the  physical  distance  separating  the  last  optical  surface  of  the 
NVG  eyepiece  from  the  front  surface  of  the  eye,  the  cornea. 

A  non-pupil  forming  system  is  similar  to  a  simple  magnifying  lens  in  that,  as  you 
move  your  eye  away  from  it,  the  edge  of  the  field  may  be  cut  off  (vignetted)  (7). 
Therefore,  the  maximum  eye  relief  for  such  a  system  is  defined  as  the  maximum  distance 
between  the  last  optical  element  in  the  NVG  eyepiece  and  the  cornea,  such  that  the  NVG 
user  can  still  see  the  system's  full,  unvignetted  field  of  view,  minus  3  mm.  For  a  pupil 
forming  NVG,  eye  relief  is  the  distance  from  the  NVG's  last  optical  element  and  the 
plane  of  the  exit  pupil  minus  3  mm.  Since  the  entrance  pupil  of  the  human  eye  must  fall 
at  the  system's  exit  pupil  for  ideal  viewing,  the  distance  from  the  cornea  to  the  eye's 
entrance  pupil  must  be  subtracted. 

These  definitions  do  not  conform  to  the  ANVIS  specification  for  eye  relief,  which 
has  more  to  do  with  the  diameter  of  the  eyepiece  lenses  than  the  actual  distance 
separating  the  NVG  and  the  eye.  The  results  from  this  procedure  give  a  real  distance 
which  is  useful  in  determining  things  such  as  system  compatibility  with  protective 
equipment  and  eye  glasses. 


4.2  Approach 

Figure  1 1  shows  the  equipment  arrangement  for  the  eye  relief  measurement.  The 
procedure  to  measure  non-exit  pupil  forming  NVGs  requires  a  collimator  with  a  square 
grid  insert  with  numbered  vertical  and  horizontal  axes  to  identify  position,  a  micro  CCD 
array  camera  with  a  5  mm  aperture,  and  a  video  monitor 

The  CCD  video  camera's  field  of  view  must  exceed  the  FOV  of  the  goggle  under 
test.  To  achieve  this,  a  shorf  focal  length  lens  is  used  to  image  the  goggle  output  onto  the 
CCD  array.  In  this  case,  a  lens  with  a  focal  length  of  8.9  mm  was  used.  As  mentioned 


473 


Collimated  light  source 


NVG 


Figure  1 1.  Test  setup  for  the  eye  relief  procedure 

earlier,  the  ideal  aperture  size  for  night  vision  applications  to  simulate  the  human  eye 
pupil  is  7  mm.  Due  to  equipment  restrictions,  a  5  mm  aperture  is  used  in  conjunction 
with  the  video  camera.  This  has  only  a  marginal  affect  on  the  results. 

The  video  camera  is  adjusted  in  front  of  the  collimator  without  an  NVG  in  the 
system,  such  that  the  origin  of  the  grid  pattern  appears  in  the  center  of  the  video  monitor. 
This  will  align  the  optical  axis  of  the  collimator  with  that  of  the  video  camera.  The  NVG 
is  then  mounted  between  the  collimator  and  the  video  camera  such  that  the  entire  FOV  is 
filled  with  the  grid  image.  In  this  procedure,  both  the  NVG  and  the  collimator  remain 
stationary  while  the  miniature  video  camera  is  translated  along  the  optical  axis.  Then  the 
video  camera  and  translational  stage  are  positioned  such  that  the  camera  lens  is  almost 
touching  the  surface  of  the  NVG  eye  lens.  With  the  room  lights  turned  off  and  the  goggle 
turned  pn,  the  grid  pattern  should  be  visible  on  the  monitor  as  viewed  through  the  NVG. 
The  location  of  the  micropositioner  is  then  recorded  as  the  initial  value,  */.  The  camera  is 
then  moved  away  from  the  NVG  eyepiece  lens  until  vignetting  occurs.  The 
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micropositioner  location  is  then  recorded  as  a  final  value,  xf.  This  procedure  is  repeated 
five  times  for  each  ocular  to  achieve  an  average  value. 

Eye  relief  measurements  on  exit  pupil  forming  systems  follow  a  similar  procedure 
but  require  slightly  different  equipment.  The  CCD  camera  is  replaced  by  a  strip  of  thin 
diffusing  material.  Setup  remains  the  same  except  the  square  grid  insert  for  the 
collimator  becomes  optional. 

With  the  goggles  positioned  in  front  of  the  collimator,  the  thin  diffusing  screen  is 
placed  in  contact  with  the  NVG  eyepiece  lens  and  its  initial  position  is  read  from  the 
translational  stage  and  recorded  as  xL  Like  the  procedure  for  non-exit  pupil  forming 
systems,  the  diffuser  is  moved  away  until  the  intensified  image  emerging  from  the 
goggles  reaches  its  smallest  diameter,  or  achieves  best  focus  if  the  square  grid  insert  is 
used.  Both  should  yield  equivalent  results.  The  position  of  the  stage  is  then  recorded  as 
xf  Like  the  procedure  for  non-exit  pupil  forming  systems,  five  measurements  are  taken 
on  each  ocular  to  calculate  an  average  value. 

4.3  Results 


At  the  end  of  the  measurement  procedure,  the  eye  relief  can  be  calculated  using 
the  following  equations.  It  is  often  helpful  to  display  the  raw  data  in  a  table  before 
making  the  necessary  calculations  (see  Table  4).  For  non-exit  pupil  forming  systems,  eye 
relief,  E  R,  is  calculated  with  Equation  4, 1 


Table  4.  Example  of  eye  relief  tabular  data 


Measurement  Number 

1 

2 

3 

4 

5 

Average 
Variance 
95%  C.I. 


Eve  Relief  (mm) 
21.2 

20.9 

19.9 
20.5 
21.1 
20.7 
0.53 

20.7  +  0.74 
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ER  =  (xf  -  XJ  +  pp- 3 mm 


(4.1) 


where  pp  is  the  distance  from  the  vertex  of  the  lens  to  the  first  principal  plane  of  the  video 
camera  and  3  mm  is  the  distance  from  the  cornea  to  the  entrance  pupil  of  the  eye. 

The  eye  relief  calculation  for  exit  pupil  forming  NVGs  is  conducted  with 
Equation  4.2 


ER  =  {xf  —  jc,  )  —  3  mm  (4.2) 

Due  to  the  inherent  subjectivity  in  the  procedure,  the  data  is  statistically  analyzed 
so  that  the  confidence  interval  (C.I.)  of  the  measurements  can  be  determined. 

4.4  Comments 

For  proper  results,  the  micro  CCD  camera  must  provide  a  field  of  view  greater 
than  that  of  the  NVG.  If  this  is  not  the  case,  longer  eye  relief  measurements  will  be 
obtained  because  the  camera  will  not  see  the  goggle's  field  starting  to  collapse  until  its 
own  field  starts  to  collapse.  Overfilling  the  goggle's  field  of  view  is  also  critical  to  obtain 
reliable  measurements.  Vignetting  will  go  undetected  unless  the  goggle  objective  lens  is 
completely  filled.  This  will  also  result  in  longer  eye  relief  measurements. 

Vignetting  may  not  occur  evenly  throughout  the  entire  field  of  view.  Often,  part 
of  the  field  collapses  followed  by  the  remaining  FOV.  To  account  for  this  phenomenon, 
a  grid  target  with  divisions  representing  angular  units  was  used.  The  skill  of  the 
evaluator  also  adds  some  uncertainty  to  this  procedure. 

When  organizing  a  test  sequence  to  evaluate  night  vision  equipment,  this 
parameter  should  be  measured  first.  Several  other  goggle  evaluation  procedures 
mentioned  in  this  report  depend  on  knowledge  of  the  proper  eye  position  for  the 
alignment  of  equipment  and  accurate  results. 
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VISUAL  ACUITY 


5.1  Introduction 

Resolution  is  the  ability  of  an  imaging  system  to  reproduce  an  image  in  fine 
detail.  This  procedure  is  actually  a  measurement  of  the  human  dependent  analog  to 
resolution,  visual  acuity.  The  method  described  herein  relies  on  a  subjective  observation, 
in  which  a  test  observer  views  a  USAF  1951  tri-bar  resolution  test  chart  through  the  NVG 
and  determines  the  smallest  discernible  pattern.  The  average  limiting  acuity  of  the 
system  as  seen  by  several  observers  can  be  extracted  from  this  observation. 

5.2  Approach 

The  equipment  required  for  this  procedure  includes  a  collimator  with  an  aperture 
larger  in  diameter  than  the  NVG  objective  lens  aperture  and  a  positive  1951  USAF  tri-bar 
resolution  pattern,  one  that  produces  an  image  of  dark  bars  on  a  white  background, 
positioned  at  the  collimator's  focal  plane.  Three  experienced  observers  with  vision 
corrected  to  20/20  visual  acuity  or  better  are  needed.  Figure  12  shows  the  arrangement  of 
the  equipment  for  this  measurement  procedure. 

The  NVG  objective  lens  is  aligned  to  look  into  the  collimator  and  is  focused  on 
the  195 1  tri-bar  pattern  such  that  a  minimum  of  50%  of  the  intensified  FOV  is  filled  with 
the  tri-bar  pattern  image  in  order  to  prevent  degradation  of  the  resolution  due  to  high 
output  luminances  (see  Figure  4).  The  input  light  level  for  this  measurement  is 
approximately  equivalent  to  full  moon,  2.35  *  10’2  fL  from  a  2856  K  light  source. 

Once  the  initial  conditions  are  met,  an  observer  places  his/her  eye  in  the  proper 
eye  position  of  the  NVG.  The  observer  looks  through  one  ocular  and  is  then  asked  to 
determine  the  smallest  horizontal  and  vertical  elements  of  the  1951  tri-bar  resolution 
chart  they  can  resolve.  This  procedure  is  repeated  for  each  ocular  and  each  observer. 
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Figure  12.  Test  setup  for  the  visual  acuity  procedure  for  center  NVG  FOV  only. 


5.3  Results 


A  table  of  raw  data  similar  to  Table  5  can  be  constructed.  The  smallest  resolvable 
horizontal  and  vertical  elements  of  the  USAF  tri-bar  chart  are  then  converted  to  either 
Snellen  acuity  or  cycles  per  milliradian  using  Equations  5.1, 5.2,  and  5.3. 

Table  5.  Example  of  resolution  raw  data,  one  ocular. 


Observer 

Group/ 

Group/ 

Bar  Width 

Bar  Width 

Element 

Element 

fmtn) 

(mm) 

Horizontal 

Vertical 

Horizontal 

Vertical 

1 

2/6 

2/5 

0.0710 

0.0783 

2 

2/5 

2/4 

0.0783 

0.0875 

3 

3/1 

2/6 

0.0625 

0.0710 
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To  convert  group/element  values  to  arc  minutes  use  Equation  5.1, 


e 


60  tan-1 


\fl) 


(5-1) 


where  Q  is  the  subtended  angle  in  arc  minutes,/)  is  the  focal  length  of  the  collimator  in 
millimeters  and  w  is  the  width  of  each  bar  of  the  chosen  group/element  in  millimeters. 

To  calculate  Snellen  acuity  use  Equation  5.2, 

X  =  0*2O  (5.2) 

where  X  is  the  denominator  of  the  Snellen  acuity  ratio  (i.e.,  20 IX). 

To  convert  from  Snellen  acuity  to  cycles  per  miiliradian  use  Equation  5.3, 

T=  1.719  *20/X  (5.3) 

where  Y  is  in  units  of  cycles  per  miiliradian  and  1.719  is  a  conversion  factor  in 
cyeles/milliradian. 

The  following  example  steps  through  each  calculation.  In  this  example,  the 
observer's  limiting  resolution  was  recorded  as  group  2  element  5.  The  focal  length  of  the 
collimator  used  was  100  mm  and  the  bar  width  in  the  observed  element  was  0.0783  mm. 
First  the  subtended  angle  is  calculated  using  Equation  5.4. 

0  =  60  tan" 1  f  -1  =  2.69  arcminutes  (5.4) 

V  100  J 

Knowing  that  the  subtended  angle  is  2.69  arcminutes,  Snellen  acuity  can  be 
calculated  with  Equation  5.5. 


X  =  2.69  *  20  =  53.8  (5.5) 

.  So  in  this  example,  the  observer  resolved  the  target  with  20/54  Snellen  acuity.  If 
the  result  is  required  to  be  reported  in  cycles/milliradian  use  Equation  5.6  for  the 
conversion. 
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r=  1.719*20/54 


(5.6) 


which  results  in  0.64  cycles/milliradians. 

After  the  raw  data  is  collected,  it  is  then  converted  to  either  Snellen  acuity  or 
cycles  per  milliradian  and  a  table  of  final  results  can  be  constructed  (see  Table  6).  The 
average  acuity  of  the  three  observers  is  recorded  as  the  resolution  of  the  night  vision 
goggle. 


Table  6.  Example  of  resolution  tabular  data,  one  ocular. 


Observer 

1 

2 

3 

Average  Acuity 


Horizontal  Acuity 

20/48 

20/54 

20/43 

20/48.3 

5.4  Comments 


Vertical  Acuity 

20/54 

20/60 

20/48 

20/54 


Once  the  collimator  system  has  been  fabricated  and  the  focal  length  is  known,  it  is 
recommended  to  make  a  conversion  chart  from  milliradians  to  Snellen  acuity  for  the 
USAF  1951  tri-bar  chart.  This  will  make  data  collection  and  reduction  easier. 

This  is  a  subjective  method,  which  relies  on  the  experience  of  the  3  observers,  so 
that  an  average  may  be  calculated  with  some  certainty.  Note  that  both  horizontal  and 
vertical  elements  are  recorded  and  analyzed  to  test  the  system  for  astigmatism. 
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RESOLUTION 


6.1  Introduction 

Measuring  visual  acuity  can  be  a  long  and  tedious  process.  The  use  of  human 
subjects  is  a  complication  because  they  must  be  trained  in  the  use  of  NVGs  and  must  be 
relatively  familiar  with  the  system  under  test  and  the  evaluation  procedure.  Because  of 
this,  the  need  for  a  quicker,  more  objective  evaluation  procedure  appeared.  In  response,  a 
photographic  resolution  procedure  was  developed  based  on  the  visual  acuity  test. 

6.2  Approach 

The  equipment  and  test  assembly  are  very  similar  to  those  used  to  measure  visual 
acuity.  A  collimator  with  a  negative  1951  USAF  tri-bar  resolution  pattern,  one  that 
produces  an  image  of  white  bars  on  a  dark  background,  positioned  in  its  focal  plane  is 
used  as  an  image  source  and  a  35  mm  camera  to  record  the  resolution  data. 

The  collimator  must  emit  light  which  approximates  the  spectral  distribution  of  a 
2856  K  blackbody  radiator  and  emit  full  moon  illumination,  2.35  *  10'2  fL.  Its  output 
must  overfill  the  tested  NVG’s  field  of  view  and  project  an  image  of  the  1951  USAF  tri- 
bar  chart  that  fills  at  least  50%  of  that  goggle’s  field  of  view.  This  is  required  to  avoid 
degradation  of  the  resolution  due  to  high  output  luminances,  A  negative  1951  tri-bar 
chart  is  used  because  it  is  easier  to  photograph  through  the  goggles  than  the  positive 
chart. 


The  camera  used  in  this  evaluation  is  a  standard  35  mm  camera  with  a  150  mm 
focal  length  lens  well  corrected  for  the  third  order  aberrations  and  chromatic  aberration. 
Like  in  other  procedures  mentioned  in  this  report,  the  input  aperture  of  the  camera  is 
limited  to  a  5  mm  diameter  to  simulate  the  eye's  entrance  pupil  at  the  correct  light  level. 
Photos  are  taken  with  Kodak  2415  technical  pan  film.  Another  equivalent  film  can  also 
be  used. 

,  Once  the  collimator  is  properly  adjusted,  the  goggles  to  be  tested  are  aligned  to 
the  collimator's  output.  The  goggles  are  then  checked  to  see  if  the  negative  tri-bar  chart 
image  is  damaging  the  image  intensifier  tube.  As  noted  earlier  in  this  report,  small 
illuminated  areas,  such  as  the  individual  bars  of  the  195 1  USAF  chart,  will  cause  greater 
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localized  gain  than  a  fully  illuminated  goggle  FOV  because  of  the  image  intensifier  tube's 
current  control.  This  could  leave  minor  burns  on  the  NVG’s  phosphor  screen.  If  the 
image  seems  to  be  overwhelming  the  goggle,  the  collimator’s  output  luminance  level  is 
turned  down  slowly  until  the  goggle  is  in  no  danger.  This  is  to  assure  that  the  resolution 
photographs  are  taken  at  a  high  light  level. 

Once  a  non-damaging  goggle  output  level  is  obtained,  the  camera  is  placed  in  the 
eye  position  of  the  NVG  and  the  entire  system  is  adjusted  to  achieve  best  focus  through 
the  goggle.  Several  photos  are  taken  for  different  exposure  times,  ASA  and  F-stop 
settings.  The  photos  are  then  developed  and  enlarged  eight  by  ten  inch  prints  are  made. 
The  best  photo  is  selected  for  each  ocular  as  its  resolution  data. 

6.3  Results 


The  smallest  resolvable  group  and  element  in  both  the  horizontal  and  vertical 


150  FL 

NVG  achromatic 


Figure  13.  Equipment  arrangement  for  the  photographic  resolution  procedure. 
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direction  are  chosen  from  the  photographs.  Like  the  visual  acuity  data,  this  data  can  be 
converted  to  and  recorded  in  arc  minutes,  cycles/milliradian,  or  Snellen  acuity  unitsusing 
Equations  5.1  through  5.6. 


6.4  Comments 

The  first  time  a  camera,  lens,  and  collimator  are  brought  together  to  produce 
resolution  photos,  it  would  be  wise  to  photograph  the  collimator  output  directly  with  the 
camera  and  lens.  This  creates  a  reference  photograph  and  measures  the  limiting 
resolution  of  the  resolution  test  system.  The  reference  photo  also  records  any 
astigmatism  that  might  result  from  using  poorly  corrected  optics. 

This  procedure  is  potentially  hazardous  to  the  NVG  under  evaluation  because  of 
the  way  the  image  intensifier  tube  processes  physically  small  luminance  sources. 
Excessively  long  periods  of  time  due  to  alignment,  focusing,  or  setting  exposure  times, 
during  which  the  goggle  is  exposed  to  the  collimator  output  are  the  main  cause  of 
problems.  Damage  could  range  from  a  slight  phosphor  blemish  that  fades  with  time  to  a 
serious  non-removable  bum.  The  risk  of  damage  could  be  reduced  by  using  a  positive 
1951  USAF  tri-bar  pattern  in  the  collimator  at  the  cost  of  losing  some  of  the  test  system's 
ability  to  image  it  through  the  goggles. 
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VISUAL  FIELD  PARAMETERS 


7.1  Introduction 

The  visual  field  parameters  tested  include  intensified  field  of  view,  luminance 
uniformity,  and  modulation  contrast.  All  of  these  parameters  deal  with  data  which  is 
collected  from  a  linear,  photometric  scan  across  the  center  of  the  NVG’s  visual  field.  A 
single  measurement  arrangement  has  been  developed  to  capture  information  on  all  three 
parameters.  Only  small  modifications  in  the  procedure  are  required  to  collect  the 
modulation  contrast  data. 

The  measurement  of  the  intensified  field  of  view  gives  an  indication  of  the 
angular  size  of  the  real  world  scene  the  NVG  can  process  and  present  to  the  user  at  any 
one  particular  time.  This  normally  does  not  change  much  from  ocular  to  ocular  or  from 
system  to  system  of  similar  design.  But,  it  can  be  an  important  factor  when  comparing 
different  NVG  designs. 

Luminance  uniformity  measures  the  NVG  output  for  uniform  brightness 
throughout  its  entire  visual  field.  A  uniform  luminance  distribution  implies  that  any 
photometric  measurements  taken  in  any  part  of  the  NVG  field  of  view  will  result  in 
similar  measurements  with  only  small  deviations.  However,  previous  tests  on  NVGs 
have  demonstrated  a  common  trend  of  variability  in  luminance  across  their  field  of  view. 
Therefore,  this  is  actually  a  test  of  luminance  non-uniformity. 

When  an  NVG  is  presented  with  a  high  contrast  target,  like  an  object  with  a  bright 
side  and  a  dark  side  separated  by  a  sharp  border,  the  high  luminous  output  from  the 
lighted  areas  tends  to  spill  into  the  darker  areas,  making  small  dark  targets  surrounded  by 
a  bright  background  more  difficult  to  see.  Modulation  contrast  provides  an  indication  of 
the  maximum  contrast  an  NVG  can  produce  when  viewing  a  100%  contrast  target. 

7.2  Approach 

The  equipment  required  for  these  measurements  include  a  rotary  table  on  which  to 
mount  the  NVG,  a  photometer,  a  uniform  2856  K  light  source,  and  a  strip  chart  recorder. 
In  addition  to  this,  a  high  contrast,  split  field  target  is  used  for  the  modulation  contrast 
measurement  only.  Figure  14  depicts  the  arrangement  of  the  equipment  for  this 
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measurement  procedure  when  using  a  collimated  light  source.  For  most  of  this 
procedure,  either  a  collimator  or  an  integrating  sphere  may  be  used,  provided  the  NVG's 
full  field  of  view  is  filled.  But,  the  modulation  contrast  measurement  must  use  the 
collimator  as  its  light  source.  For  the  results  of  this  procedure  to  be  truly  meaningful,  the 
split  field  target  must  be  removed  to  infinity.  The  best  way  to  accomplish  this  in  the 
limited  space  of  the  laboratory  is  to  place  it  in  the  focal  plane  of  the  collimator. 


Collimated  NVG  exit  pupil  along  the 

light  source  center  axis  of  the  rotating  table 


The  NVG  is  mounted  on  the  rotary  table  such  that  the  goggle's  proper  eye  position 
is  directly  over  the  table's  axis.  The  collimator  is  then  mounted  on  the  rotary  table  such 
that  it  is  close  to  and  centered  on  the  objective  lens  of  the  NVG  being  tested.  The 
illumination  from  the  light  source  is  then  adjusted  so  that  it  is  bright  enough  to  maximize 
the  luminance  output  of  the  goggle  intensifier  tube.  Full  moon  illumination  is  a  good 
choice.  The  photometer  is  positioned  so  that  it  measures  the  luminance  on  the 
phosphorus  screen  of  the  image  intensifier  tube  through  the  eyepiece  of  the  NVG.  A 
measuring  FOV  of  less  than  1/2°  should  be  selected  on  the  photometer. 

Jn  this  procedure,  the  light  source  and  NVG  rotate  together  while  the  photometer 
remains  stationary.  The  table  is  then  rotated  until  the  photometer  is  measuring  a  point 
just  off  the  edge  of  the  field  of  view  of  the  NVG.  The  strip  chart  recorder  is  turned  on 
and  the  rotary  table  is  activated  such  that  it  sweeps  through  an  angle  greater  than  the  field 
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Figure  15.  Example  of  typical  NVG  field  of  view  and  luminance  uniformity. 


of  view  of  the  NVG.  The  resulting  chart  recorder  trace  appears  in  Figure  15. 

The  angular  rate  of  the  rotary  table  and  the  linear  rate  of  the  strip  chart  recorder 
need  to  be  recorded  and  compared  to  generate  a  calibration  factor,  Rc,  which  will  relate 
the  strip  chart  recorder  measurement  to  degrees.  Measurements  made  in  this  fashion 
would  be  meaningless  without  it. 

This  procedure  describes  the  measurement  of  field  of  view  and  luminance  non¬ 
uniformity.  These  are  just  different  reductions  of  the  same  plotted  raw  data.  When 
measuring  contrast  modulation,  the  procedure  is  the  same  except  a  high  contrast,  split 
field  target  is  placed  at  the  image  plane  of  the  collimator.  The  resulting  chart  recorder 
plot  has  a  somewhat  different  profile,  as  seen  in  Figure  16,  than  the  plot  for  the  field  of 
view  and  luminance  non-uniformity  measurements. 

7.3  Results 

P 

By  the  end  of  the  procedure,  at  least  two  strip  chart  recorder  plots  per  ocular  have 
been  generated.  In  the  case  of  the  intensified  field  of  view  and  luminance  uniformity,  the 
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Figure  16.  Modulation  contrast  strip  chart  recording  for  a  typical  NVG. 

graph  will  show  a  line  that  starts  near  zero  luminance  at  the  edge  of  the  FOV,  rises  to 
maximum  luminance,  then  falls  back  to  zero  luminance  again  at  the  other  edge  of  the 
FOV,  as  in  Figure  15.  For  modulation  contrast,  a  graph  is  produced  that  shows  the 
luminance  profile  across  the  bright  and  dark  areas  of  the  split  field  target  (Figure  16). 

Intensified  Field  of  View  Analysis 

A  qualitative  assessment  of  the  NVG  field  of  view  can  be  easily  extracted  from 
the  strip  chart  recording  by  comparing  data  acquired  from  a  recently  tested  system  to 
older  data.  For  a  more  detailed,  quantitative  analysis,  the  distance  between  the  initial  and 
final  luminance  inflection  points  on  the  strip  chart  recording  must  be  measured  and 
converted  to  degrees  using  Equation  7.1, 

0  =  (Rc)(Rd)  (7.1) 

where  0  is  the  field  of  view  of  the  NVG,  Rc  (deg/in)  is  the  calibration  factor,  and  Rd  is 
the  distance  between  the  initial  and  final  luminance  inflection  points.  Figure  15 
illustrates  the  field  of  view  for  a  typical  NVG. 

Luminance  Non-Uniformity  Analysis 


The  same  strip  chart  recording  used  for  the  intensified  field  of  view  measurement 


is  the  basis  for  determining  luminance  uniformity  across  the  field.  If  luminance  were 
uniform,  the  graph  would  have  a  uniform  horizontal  line  across  the  field.  Luminance 
non-uniformity  appears  as  a  variation  in  the  line  across  the  chart  graph,  and  typically  is  a 
fall-off  in  luminance  from  center  to  edge.  Due  to  this  fall-off  and  due  to  equipment 
limitations,  it  is  difficult  to  measure  the  luminance  at  the  edge  of  the  goggle's  FOV. 
Therelore,  the  luminance  non-uniformity  analysis  is  restricted  to  the  central  80%  of  the 
tested  system’s  measured  field  of  view.  Figure  15  demonstrates  the  luminance  non¬ 
uniformity  of  a  typical  NVG. 

To  calculate  luminance  non-uniformity,  three  specific  measurements  must  be 
taken  from  the  graph.  These  are  the  maximum  luminance,  L^,  the  luminance  at  the 
point  bordering  the  right  side  of  the  central  80%  of  the  measured  field  of  view,  Lgo%R, 
and  the  point  bordering  the  left  side  of  the  central  80%  of  the  field  of  view,  L80%L.  A 
value  for  luminance  non-uniformity,  LNU,  expressed  as  a  percentage,  can  be  calculated 
from  these  numbers  using  Equation  7.2. 


LNU  = 


I.  AiO%ff  ) 

^Ana»  "f-  LgO%L  "f"  f-%0%R 


*100% 


(7.2) 


The  mathematical  procedure  required  to  calculate  luminance  non-uniformity  is  somewhat 
involved  and  is  therefore  easier  to  express  it  as  a  single  equation.  More  detailed 
examinations  of  the  mathematics  involved  in  the  luminance  non-uniformity  calculation 
and  the  derivation  of  this  equation  are  available  in  Appendix  A. 

.Modulation  Contrast  Analysis  (Near  Field  and  Far  Field  Contrastl 


The  strip  chart  recording  from  the  measurement  of  the  split  field  target  is  used  to 
determine  the  modulation  contrast.  The  data  is  reduced  by  listing  near  field  and  far  field 
contrast,  which  would  be  the  contrast  measured  at  specified  angles  close  to  (5°)  and 
farther  from  (10  )  the  edge  of  the  dark  field.  Contrast  is  calculated  by  using  the 
modulation  contrast  equation  (Equation  7.3). 

C  V  ~  Anin(i) 

'  L  +L  (73) 

'  max  ^  Mnin(i) 

Ct  is  the  contrast  calculated  at  i  degrees  from  the  drop-off  edge,  Lmax  is  the 


488 


measurement  at  the  highest  peak  of  the  graph,  and  Lmin^  is  the  measured  point  at  i 
degrees  from  the  drop-off  edge.  Figure  16  demonstrates  the  modulation  contrast  for  a 
typical  NVG. 


7.4  Comments 

These  methods  provide  a  relatively  easy  objective  assessment  of  the  NVG  visual 
field  parameters  as  long  as  the  specifications  of  the  procedure  are  followed  carefully.  An 
error  will  result  if  the  parameter  is  not  measured  with  an  input  light  source  which 
produces  a  uniform  output  and  fills  the  entire  NVG  field  of  view.  These  measurements 
provide  hard  copies  (Figures  7.2  and  7.3)  of  information  which  can  be  extracted  directly 
from  the  graphs. 

The  analysis  of  the  data  collected  using  this  procedure  is  somewhat  subjective  and 
is  limited  by  the  technician's  ability  to  locate  the  points  of  interest  accurately.  Equipment 
limitations  make  an  exact  determination  of  the  location  of  the  edges  of  the  measured 
FOV  and  the  location  of  the  light/dark  border  in  the  modulation  contrast  measurement  is 
difficult.  These  factors  must  be  considered  when  reviewing  information  about  a  tested 
system's  visual  field  parameters. 
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COMBINER  TRANSMISSIVITY 


8.1  Introduction 

Transmissivity  is  the  ratio  of  the  luminance  of  a  light  source  measured  through  a 
medium  to  the  luminance  of  the  source  measured  directly  (11).  Some  night  vision 
goggles  use  a  beam-splitter  as  an  image  combiner  to  relay  the  intensified  image  to  the 
user.  When  the  goggle  is  switched  off,  the  combiner  allows  the  user  to  see  cockpit 
information  without  removing  or  manipulating  their  goggles.  Combiner  transmissivity  is 
measured  on  these  systems  to  determine  how  much  of  the  light  from  the  outside  scene, 
such  as  an  instrument  panel  of  the  cockpit,  passes  through  the  combiner. 

8.2  Approach 

Figure  17  depicts  the  equipment  arrangement  needed  to  measure  the  combiner 
transmissivity.  This  procedure  requires  a  regulated  light  source  and  a  telephotometer  or 
spectral  scanning  radiometer. 

The  spectroradiometer  is  placed  at  least  six  feet  in  front  of  and  focused  on  the 
light  source.  The  baseline  spectral  radiance  (or  luminance  if  using  a  telephotometer)  of 
the  regulated  light  source  is  measured  from  380  nm  to  1000  nm  at  10  nm  intervals.  The 
NVG  is  then  positioned  such  that  the  beam  splitter  is  between  the  spectroradiometer  and 
the  regulated  light  source.  The  apparent  spectral  radiance  (or  luminance  depending  on 
the  instrument)  is  once  again  measured  through  the  beam  splitter  from  380  nm  to  1000 
nm.  The  ratio  of  the  radiance  of  the  source  as  seen  through  the  beam  splitter  to  the 
radiance  of  the  source  viewed  directly  is  calculated  for  each  measured  wavelength. 

8.3  Results 

Once  the  radiance  values  measured  through  the  image  combiner  for  each 
wavelength  are  known,  they  are  divided  by  their  corresponding  radiance  value  from  the 
baseline  spectral  scan  of  the  light  source.  Fortunately  the  radiometer  used  performs  this 
function  ’and  eliminates  the  need  for  the  operator  to  calculate  each  ratio  by  hand.  If  the 
device  used  to  measure  transmissivity  cannot  handle  mathematical  manipulations,  then 
the  operator  must  calculate  the  percent  transmissivity  for  numerous  wavelengths  to  draw 
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Figure  17.  Test  arrangement  for  the  combiner  transmissivity  procedure. 


Figure  18.  Example  of  typical  NVG  combiner  transmissivity  data. 
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the  necessary  graph.  These  percentages  are  then  plotted  against  wavelength.  Figure  18 
shows  a  typical  NVG  image  combiner  transmissivity  curve. 


8.4  Comments 

Figure  18  illustrates  that  the  transmissivity  of  the  beam-splitter  at  any  wavelength 
can  be  determined  graphically  from  the  data  collected  during  the  procedure.  Note  that 
one  must  be  careful  of  reflections  and  stray  light  sources  during  this  measurement. 
Spurious  light  will  cause  erroneously  high  transmissivity  values,  if  detected  during  the 
measurement  of  the  combiner,  or  lower  transmissivity  values  if  detected  while  measuring 
the  source  baseline. 
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UNINTENSIFIED  FIELD  OF  VIEW 


9.1  Introduction 

The  unintensified  field  of  view  is  a  measure  of  how  much  the  eye  can  see  outside 
the  intensified  field  of  view  of  the  NVG.  It  is  simply  a  measure  of  peripheral  vision  and 
is  concerned  strictly  with  the  observation  around  the  NVG.  For  NVGs  which  have  a 
combiner  as  an  eyepiece,  this  measurement  will  also  include  the  unintensified  field  of 
view  as  seen  through  it. 


9.2  Approach 

This  procedure  requires  the  use  of  a  field  perimeter,  a  holding  fixture  for  the 
NVGs,  and  trained  observers.  Figure  19  depicts  the  arrangement  of  the  equipment  and 
the  position  of  the  subject. 


Figure  19.  Test  arrangement  for  the  unintensified  field  of  view  measurement. 

* 

The  NVG  is  mounted  to  the  field  perimeter  so  that  the  eye  position  of  the  observer 
is  both  in  the  correct  eye  position  for  wearing  the  NVG  and  in  the  correct  position  for 
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measuring  the  peripheral  field  of  view.  The  point  light  target  of  the  field  perimeter  is 
positioned  outside  the  field  of  view  of  the  observer  and  brought  radially  inward  toward 
the  eye  position  until  the  observer  can  see  it.  The  angle  at  which  the  point  becomes 
visible  is  recorded  on  a  field  map  for  the  meridian  measured.  This  is  repeated  every  15 
degrees  until  a  full  map  of  the  field  of  view  is  obtained.  This  is  measured  for  both  the 
right  eye  position  and  the  left  eye  position.  A  measurement  without  the  NVG  is  also 
taken  to  provide  a  baseline  graph.  The  results  are  typically  recorded  in  units  of 
steradians. 


9.3  Results 

Figure  20  is  an  example  of  a  typical  perimeter  field  graph.  The  number  of 
steradians  that  are  available  to  the  observer  without  the  NVG  (baseline  graph)  is 
compared  to  the  graph  produced  with  the  NVG.  It  may  be  possible  to  determine  from  the 
chart  what  limits  the  visual  field,  facial  features  or  the  NVG.  Once  that  information  is 
obtained,  the  results  are  then  expressed  as  a  percentage,  such  as  the  unintensified  FOV 
with  the  NVG  is  87%  of  the  baseline  without  the  NVG.  The  number  of  steradians 
available  with  the  NVG  is  also  recorded. 


0 
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Figure  20.  Example  of  typical  perimeter  field  graph. 


494 


9.4  Comments 


This  is  a  highly  subjective  measurement.  It  relies  on  the  use  of  a  human  observer 
in  addition  to  an  operator  of  the  field  perimeter.  The  results  will  vary  considerably  with 
the  facial  features  of  the  subject  and  with  the  use  or  lack  of  chemical,  biological,  and 
neurological  protective  equipment. 
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APPENDIX  A 


Derivation  of  the  Luminance  Non-Uniformity  Equation 

In  the  section  of  this  report  discussing  the  evaluation  of  NVG  visual  field 
parameters,  an  equation  was  given  to  compute  the  percent  luminance  non-uniformity  of  a 
system  from  three  measurements  made  from  a  chart  recorder  trace  (Equation  7.2).  The 
origin  of  this  equation  is  not  perfectly  obvious.  This  appendix  will  closely  examine  the 
luminance  non-uniformity  calculation  and  show  the  validity  of  Equation  7.2. 

Luminance  non-uniformity  is  a  comparison  of  the  actual  luminance  profile  of  an 
NVG  image  to  an  ideal,  flat,  uniform  luminance  value.  It  can  be  expressed  either  as  a 
percentage,  as  in  this  report,  or  as  a  ratio  of  center  FOV  luminance  to  edge  FOV 
luminance,  as  in  the  ANVIS  image  intensifier  assembly  specification.  Equipment 
limitations  make  measuring  the  luminance  output  at  the  extreme  edge  of  the  intensified 
image  difficult.  Because  of  equipment  limitations  and  measurement  difficulties,  the 
evaluation  is  limited  to  the  central  80%  of  the  tested  NVG's  field  of  view. 

The  calculation,  expressed  as  a  percentage,  requires  a  low  end,  a  mean,  and  a 
maximum  luminance  value.  The  maximum  value  can  be  measured  directly  from  the  chart 
recorder  trace  and  is  denoted  as  Lmax-  The  other  values  are  not  as  easily  acquired. 

The  minimum  luminance  value  can  be  found  by  comparing  Lso%l  and  Lso%r. 
These  are  the  luminance  values  at  the  left  and  right  most  points,  respectively,  which 
define  the  central  80%  of  the  NVG's  measured  field  of  view.  The  locations  of  these 
measurements  on  a  typical  chart  recorder  trace  are  shown  in  Figure  A-l.  Ideally,  the  field 
of  view  chart  recorder  trace,  from  which  these  measurements  are  taken,  should  be 
symmetric.  Therefore,  L% o%L  and  Ieo%R  should  equal  each  other  and  equal  the  minimum 
luminance  value.  Unfortunately,  this  is  rarely  the  case.  The  minimum  luminance  value, 
L[ow,  is  then  calculated  as  the  average  of  the  two,  as  in  Equation  A.l. 

=  hszdJm*  (A.l) 

The  mean  luminance  value,  Lmean  ,  is  calculated  by  averaging  the  maximum 
luminance  value  and  the  minimum  luminance  value,  as  in  Equation  A.2. 
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Figure  A-l.  Chart  recorder  trace  used  to  determine  luminance  non-uniformity. 


4__  Anm  ^Taw 
ten  ^ 


Substituting  Equation  A.l  into  Equation  A.2  yields 

L  —  --Aim  +  L%V*,L  +  ^BO%g 
4 


(A.2) 


(A.3) 


The  actual  luminance  non-uniformity  value,  LNU,  is  then  calculated  taking  the 
difference  of  the  maximum  luminance  value  and  the  mean  luminance  value,  dividing  by 
the  mean  luminance  value,  and  multiplying  by  100%  to  express  it  as  a  percentage 
(Equation  A.4). 


LNU  = 


Lt  max™  Lmea 
Lmean 


*100% 


(A.4) 


Substituting  Equation  A.3  into  Equation  A.4  will  yield  a  luminance  non-uniformity 
equation  in  terms  of  only  Lma*.  £-80%L.  and  LgO%R  equal  to  Equation  A.5. 
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LNU=  2Ll™-(^t  +  ^8°*R)g  j0Q% 
2Lmax+  Lw»  i.  +  Lm%  r 


(A.5) 


This  evaluation  is  quicker  and  easier  to  use  than  running  the  entire  calculation  for 
each  ocular  of  each  goggle  evaluated  and  reduces  the  possibility  of  mathematical  error. 
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1.  TITLE 

INTERLABORATORY  STUDY  (ILS)  OF  THE  STANDARD  TEST  METHOD  FOR 
MEASURING  THE  NIGHT  VISION  GOGGLE-WEIGHTED  TRANSMISSIVITY 
OF  TRANSPARENT  PARTS 

Committee  F-7  on  Aerospace  and  Aircraft  Enclosures. 

Subcommittee  F-7.08  on  Transparent  Enclosures  and  Materials 
RR:  P94-02:  XXXX 

2.  INTRODUCTION 

There  are  several  ASTM  Standards  that  address  light  transmissivity  through  transparencies  (ASTM 
Standards  F  1316-90D  and  1003-61)  in  the  visible  spectrum  (400  through  700  nm).  However, 
night  vision  goggles  (NVGs)  are  now  being  used  in  aircraft  and  other  applications  (e.g.,  marine 
navigation,  surveillance,  personnel  carriers)  with  increasing  frequency.  These  devices  amplify 
both  visible  and  near-infrared  (NIR)  spectral  energy.  A  transparency  may  have  excellent  visible 
transmissive  characteristics  but  could  have  poor  NTR  transmissivity.  Overall  visual  performance 
(acuity)  can  be  degraded  if  the  observer  uses  the  NVGs  while  looking  through  a  transparency  that 
has  attenuated  transmissivity  in  the  NIR  region  (Pinkus  and  Task,  1997,  see  Appendix  A).  ASTM 
P94-02,  Standard  Test  Method  for  Measuring  Night  Vision  Goggle- Weighted  Transmissivity  of 
Transparent  Materials  (see  draft  in  Appendix  B)  addresses  this  issue.  This  ILS  was  undertaken  in 
order  to  determine  the  precision  of  P94-02.  The  method  describes  both  analytical  and  direct 
measurement  techniques  that  determine  the  NVG-weighted  transmissivity  (T^.)  of  transparent 
pieces  including  ones  that  are  large,  curved,  or  held  at  the  installed  position.  This  ILS  investigated 
just  the  analytical  method  since  only  one  lab  is  presently  capable  of  implementing  the  direct  test 
method.  TmG  is  the  integrated  value  (450  through  950  nm)  of  the  spectral  transmissivity  of  a 
transparent  part  weighted  (multiplied)  by  both  the  spectral  sensitivity  of  a  given  set  of  NVGs  and 
the  light  source,  divided  by  the  integrated  value  of  the  NVGs  times  the  light  source.  The  higher  the 
Tmc  the  more  compatible  a  transparency  is  with  NVGs,  i.e.,  there  is  more  light  energy  available  to 
be  amplified  by  the  goggles  which  usually  corresponds  to  better  visual  acuity  performance  of  the 
observer  (finer  detail  seen). 

3.  TEST  PROGRAM  INSTRUCTIONS  AND  TEST  METHOD 
The  cover  letter  for  test  instructions  to  participating  labs,  follows. 

SUBJECT:  Interlaboratory  Study  for  ASTM  Standard  P94-02:  Standard  Test  Method  for 
Measuring  Night  Vision  Goggle-Weighted  Transmissivity  of  Transparent  Materials. 

FROM:  AL/CFHV 

2255  H  Street,  Room  300 
Wright-Patterson  AFB  OH  45433-7022 

Dear  Colleague, 

Please  find  enclosed  the  instructions  and  materials  needed  by  you  to  conduct 
spectral  transmissivity  measurements  as  discussed  at  the  April  8th,  1997  ASTM  Task 
Force  committee  meeting  in  St.  Louis.  The  test  has  been  simplified  by  the  elimination 
of  the  .Excel  spread  sheet  I  am  now  simply  supplying  four  (4)  plastic  samples.  The 
spectral  transmissivity  scan  data  are  then  returned  to  me  for  completion  of  the  data 
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analysis  of  which  the  details  are  described  in  the  attached  draft  test  method  [P94-02, 
see  Appendix  B].  You  may  retain  die  draft  for  your  use  and  records. 

The  data  collection  procedure  is  as  follows: 

(1)  Please  handle  the  samples  carefully  as  to  not  cause  any  (further)  damage. 

(2)  Do  not  clean  them  with  any  solvents.  Use  part  specific,  prescribed  cleaning 
materials  and  methods. 

(3)  Spectral  measurements  are  made  from  450  nanometers  (nm)  through  950  nm  in 
5  nm  incremental  steps,  with  the  arrow  on  top  and  pointed  towards  the 
specrtophotometer’s  sensor. 

(4)  Perform  sample  measurements  sequentially,  i.e.,  measure  #1,  #2,  #3,  #4. 

(5)  Repeat  Step  (4),  five  times,  per  instrument,  yielding  20  sets  of  spectral  data. 
Thus,  the  test  sequence  for  the  samples  is: 

Measure  samples  [#1,  #2,  #3,  #4] 

Repeat  [#1,  #2,  #3,  #4} 

Repeat  [#1,  #2,  #3,  #4] 

Repeat  [#1,  #2,  #3,  #4] 

Repeat  [#1,  #2,  #3,  #4] 

(6)  Repeat  this  process  on  more  than  one  instrument,  if  available  (instruments  are 
statistically  analyzed  as  “labs”  and  I  need  as  many  “labs”  as  possible). 

(7)  Label  each  spectral  printout  with: 

Sample  #  and  repetition  # 

Instrument  make  and  model  # 

Date  and  time  of  the  measurement 

(8)  These  measurements  can  be  made  over  a  period  of  days,  if  desired.  The 
variability  in  the  data  due  to  an  extended  measurement  period  will  more  accurately 
reflect  real-world  conditions  (i.e.,  variability  due  to  temperature,  positioning,  drift, 
etc.). 

(9)  Since  these  test  samples  need  to  be  sent  to  several  labs,  please  complete  all 
measurements  within  two  weeks  of  receipt  Mid  return  data  and  samples  to  the  address, 
above,  so  I  can  forward  the  samples  to  die  next  company. 


Sincerely, 


Alan  Pinkus,  PhD 
Research  Psychologist 

6  Attachments: 

1.  Cover  Letter 

2.  Plastic  Sample  #1 

3.  Plastic  Sample  #2 

4.  Plastic  Sample  #3 

5.  Plastic  Sample  #4 

6.  Draft  Test  Method  P94-02 
* 
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4.  LIST  OF  PARTICIPATING  LABORATORIES 

There  were  six  labs  (instrument  types). 

Lab  #1:  EG&G  Radoma  GS1252  Spectraphotometer  (15  May  1997) 

Air  Force  Research  Lab/HECV  (formally  Armstrong  Lab/CFHV) 

2255  H  Street,  Room  300 
Wright-Patterson  AFB  OH  45433-7022 
POC:  Alan  Pinkus  (937-255-8767) 

Lab  #2:  Cary  5G  Spectraphotometer  (16  Jun  1997) 

Air  Force  Research  Lab  (formally  Armstrong  Lab/OEO) 

8111  18th  Street 

Brooks  AFB  TX  78235-5215 

POC:  Dennis  Maier  (210  536-3709) 

Lab  #3:  Perkin  Elmer  Lambda  9  Spectraphotometer  (16  Jun  1997) 

Air  Force  Research  Lab  (formally  Armstrong  Lab/OEO) 

8111  18th  Street 

Brooks  AFB  TX  78235-5215 

POC:  Dennis  Maier  (210  536-3709) 

Lab  #4:  Hitachi  U-2000  (2  Jul  1997) 

Polycast,  Inc. 

70  Carlisle  PI 

Stamford  CT  06902 

POC:  Kuang  Tran  (203-327-6010 

Lab  #5:  Model  736  Radiometer  (21  Jul  1997) 

Texstar,  Inc. 

1170  108th  Street 
PO  Box  534036 
Grand  Prairie  TX  75053-4036 
POC:  Lance  Teten  (214-647-1366) 

Lab  #6:  UV/VIS/NIR  (8  Sep  1997) 

Sierracin/Sylmar  Corp. 

12780  San  Fernando  Rd 

Sylmar  CA  91342 

POC:  John  Raffo  (8 1 8-362-67 1 1) 

5.  DATA  REPORTS 
See  Appendix  C 

6.  STATISTICAL  DATA  SUMMARY 

The  four  test  stimuli  were  2  inch  square  samples  of  transparent  plastic  material:  #1, 0.875  inches 
thick  acrylic,  #2  laminated  (F-l  1 1),  #3  gold-coated  (F-16)  and  #4, 3  mm  acrylic.  Samples  #2  and 
#3  were  cut  from  actual  aircraft  windscreens.  The  main  source  of  error  in  the  test  method  is  due  to 
the  variability  among  spectraradiometric  (spectraphotmetric)  instruments  not  the  Tnvg  calculation. 
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Absolute  radiometric  calibration  of  the  instrument  is  not  essential  since  TWG  is  a  ratio.  In  this  ILS, 
the  six  instruments  were  treated  as  labs.  The  samples  were  measured  using  spectraradiometric 
instruments  but  the  actual  calculation  of  Tmc  (in  accordance  with  test  method  P94-02)  was 
performed  later,  prior  to  data  analysis.  Tmc  equals  the  integral  with  respect  to  wavelength,  of  the 
transparent  part’s  spectral  transmissivity  [P(X)\  times  the  spectral  energy  distribution  of  the  light 
source  [S(Aj]  times  the  NVG  spectral  sensitivity  [G(a)J  divided  by  the  integral  with  respect  to 
wavelength,  of  the  spectral  energy  distribution  of  the  light  source  times  the  NVG  spectral 
sensitivity.  Since  the  specific  spectral  energy  distribution  of  the  light  source  in  Equation  1  is 
typically  not  known  for  operational  conditions  (it  depends  on  the  spectral  energy  distribution  of  the 
illumination  source  on  the  scene  and  the  spectral  reflectivity  of  the  various  objects  in  the  scene)  the 
NVG-weighted  transmission  coefficient  was  calculated  using  S(X)  =  1  for  all  wavelengths.  This 
simplifies  the  equation  and  typically  does  not  significantly  affect  the  results  for  the  vast  majority  of 
broad-band  reflectance  distributions  normally  encountered.  (Pinkus  and  Task,  1997;  Equation  1  in 
Appendix  A).  Just  die  analytical  method  section  of  P94-02  was  studied  since  only  one  lab  (Air 
Force  Research  Lab/WPAFB/HECV,  formally  the  Armstrong  Lab)  has  the  capability  to  perform 
the  other,  direct  method.  An  ILS  for  the  direct  method  may  be  performed  at  a  later  date.  Tables  1 
through  4  summarize  the  ILS  results. 


Tables  1  through  4.  Results  summary  of  four  plastic  samples  (thick  acrylic,  laminated,  gold- 
coated  and  3  mm  acrylic),  measured  by  6  labs  (instruments)  5  times  each:  Tmc  means  (x), 
standard  deviations  (s),  cell  deviations  (d),  handle  statistics,  grand  mean  (GM),  repeatability  (Sr), 
standard  deviation  of  cell  averages  ( Ss),  as  defined  in  ASTM  Practice  E  691. 
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Table  2 


Table  4 
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The  critical  values  of  the  A  and  k  statistics,  used  to  determine  outliers  (ASTM  Practice  E  691, 
Table  12,  p.  14,  where  p  =  6  and  n  =  5),  are  1.92  and  1.75,  respectively.  Only  one  lab  (Table  2, 
sample  #2, 736  Radiometer)  exceeded  the  critical  h  (bolded)  at  1.964.  The  data  were  reexamined 
for  typographical  errors  but  none  were  found.  The  prescribed  method  was  followed  so  the  data 
were  retained  for  final  analysis.  Table  5  summarizes  the  repeatability  (Sr)  and  reproducibility  (S„) 
values  and  Table  6  summarizes  the  95%  repeatability  (r)  limits  and  the  95%  reproducibility  (R) 
limits  for  the  individual  samples  as  well  as  the  means. 


Table  5.  Repeatability  (Sr)  and  reproducibility  (S*)  values  in  Tmc,  derived  from  the  data 

sets  in  Appendix  C. 


REPEATABILITY  (S,) 
WITHIN  LABS 

REPRODUCIBILITY  (SJ 
BETWEEN  LABS 

SAMPLE  #1 

0.011 

0.015 

SAMPLE  #2 

0.011 

0.016 

SAMPLE  #3 

0.007 

0,011 

SAMPLE  #4 

0.006 

0.008 

MEAN 

0,009 

0.013 
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Table  6.  95%  repeatability  (r)  limits  and  95%  reproducibility  (R)  limits  in  Tmc. 


95%  r  LIMITS 
WITHIN  LABS 

95%  R  LIMITS 
BETWEEN  LABS 

SAMPLE  #1 

0.030 

0.043 

SAMPLE  #2 

0.030 

0.044 

SAMPLE  #3 

0.021 

0.030 

SAMPLE  #4 

0.017 

0.023 

MEAN 

0.025 

0.035 

Sr  ranged  from  0.006  to  0.01 1  Tmc 
SR  ranged  from  0.008  to  0.016 

r  ranged  from  0.017  to  0.030  TWG 
R  ranged  from  0.023  to  0.044  Tmc 

Since  the  accuracy  of  the  measurements  should  not  and  did  not  depend  upon  the  type  of  the 
transparent  material,  it  is  logical  to  calculate  a  mean  TmG  of  the  4  sample  sizes  to  derive  the 
composite  precision  values  indicative  of  this  method. 

The  composite  (mean)  repeatability  (Sr)  and  reproducibility  (SR)  values: 

Mean  Sr  =  0.009  7WC 
Mean  SR  =  0.013  TmG 

The  composite  (mean)  95%  limits  for  repeatability  (r)  and  95%  limits  for  reproducibility  (R) 
values: 

Mean  r  =  0.025  T^c 
Mean  R  =  0.035  rwc 

Note:  The  95%  limits  were  calculated  using  the  formulae,  below.  Since  the  95%  limits  are  based 
on  the  difference  between  two  test  results,  the  factor  was  incorporated  into  the  calculation 
(ASTM  Practice  E  177;  27.3.3). 

r  =  95%  repeatability  limit  (within  laboratories) 

Sr  =  repeatability  standard  deviation 

r  =  1.960*^2*Sr 

R  =  95%  reproducibility  limit  (between  laboratories) 

SR  =  reproducibility  standard  deviation 

R=  1.960*V2*Sr 
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7.  RESEARCH  REPORT  SUMMARY 

Precision:  An  interlaboratory  study  was  conducted  to  determine  the  precision  of  ASTM  P94-02 
(draft),  Standard  Test  Method  for  Measuring  Night  Vision  Goggle-Weighted  Transmissivity  of 
Transparent  Materials.  Six  labs  (instruments)  were  used  to  measure  four  plastic  samples,  five 
times  each.  Statistical  analysis  (ASTM  Standard  Practices  E  691  and  E 177)  revealed  that  the 
method’s  mean  repeatability  (Sr)  was  0.009  7"^ and  the  mean  reproducibility  (Sg)  was  0.013 
y  The  mean  95%  limits  for  repeatability  (r)  was  0.025  rOTG  and  the  mean  95%  limits  for 

reproducibility  (R)  was  0.035  TmG. 

Bias:  The  procedure  in  this  test  method  has  no  bias  because  the  NVG-weighted  transmissivity  is 
defined  only  in  terms  of  the  test  method. 
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APPENDIX  B.  P94-02  Test  Method 


REVISED  DRAFT  (Dec  16,  97) 

P94-02  Standard  Test  Method  for  Measuring  the  Night  Vision  Goggle- 
Weighted  Transmissivity  of  Transparent  Parts1 


INTRODUCTION 

Test  Methods  D  1003-61  and  F  1316-90  (see  Refs.  2.1.1  and  2.1.2) 
apply  to  the  transmissivity  measurement  of  transparent  materials,  the  former 
being  for  small  flat  samples  and  the  later  for  larger,  curved  pieces  such  as 
aircraft  transparencies.  Additionally,  in  D  1003-61,  the  transmissivity  is 
measured  perpendicular  to  the  surface  of  test  sample  and  both  test  methods 
measure  only  in  the  visible  light  spectral  region.  Night  vision  goggles 
(NVGs)  are  being  used  in  aircraft  and  other  applications  (e.g.,  marine 
navigation,  driving)  with  increasing  frequency.  These  devices  amplify  both 
visible  and  near-infrared  (NIR)  spectral  energy.  Overall  visual  performance 
can  be  degraded  if  the  observer  uses  the  NVGs  while  looking  through  a 
transparency  that  has  poor  transmissivity  in  the  NIR  region.  This  method 
describes  both  direct  and  analytical  measurement  techniques  that  determine 
the  NVG-weighted  transmissivity  of  transparent  pieces  including  ones  that 
are  large,  curved,  or  held  at  the  installed  position. 

1.  Scope 

1. 1  This  test  method  describes  apparatuses  and  procedures  that  are  suitable  for 
measuring  the  NVG-weighted  transmissivity  of  transparent  parts  including  those  which  are 
large,  thick,  curved,  or  already  installed.  This  test  method  is  sensitive  to  transparencies 
that  vary  in  transmissivity  as  a  function  of  wavelength. 

1.2  Since  the  transmissivity  (or  transmission  coefficient)  is  a  ratio  of  two  radiance 
values,  it  has  no  units.  The  units  of  radiance  recorded  in  the  intermediate  steps  of  this  test 
method  are  not  critical;  any  recognized  units  of  radiance  (e.g.,  watts/m2-str)  may  be  used, 
as  long  as  it  is  consistent  (see  Ref.  2.2.1). 

1.3  This  standard  does  not  purport  to  address  the  safety  problems  associated  with 
its  use.  It  is  the  responsibility  of  the  user  of  this  standard  to  establish  appropriate  safety 
and  health  practices  and  determine  the  applicability  of  regulatory  limitations  prior  to  use. 

2.  Referenced  Documents 

2.1  ASTM  Standards: 

2.1.1  D  1003-61  Standard  Test  Method  for  Haze  and  Luminous  Transmittance  of 
Transparent  Parts.  Annual  Book  of  ASTM  Standards,  Vol.  15.09.  Sep  1961. 

2.1.2  F  1316-90  Standard  Test  Method  for  Measuring  the  Transmissivity  of 
Transparent  Parts.  Annual  Book  of  ASTM  Standards,  Vol.  08.01.  Mar  1991. 

2.2  Published  Documents: 


1  This  test  method  is  under  the  jurisdiction  of  ASTM  Committee  F-7  on  Aerospace  and  Aircraft  and  is  the 
direct  responsibility  of  Subcommittee  F07.08  on  Transparent  Enclosures  and  Materials. 
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2.2.1  RCA  Electro-Optics  Handbook.  (1974).  Lanchaster  PA:  RCAISolid  State 
DivisionlElectro  Optics  and  Devices.  Technical  Series  EOH-1 1 . 

2.2.2  Wyszecki,  Gunter,  and  Stiles,  W.  S.  (1982).  Color  Science :  Concepts  and 
Methods,  Quantitative  Data  and  Formulae  (Second  Edition).  New  York:  John  Wiley  and 
Sons. 

3,  Terminology 

3.1  Definitions'. 

3.1.1  Analytical  test  method  -  the  test  method  that  uses  spectral  transmissivity  data 
of  a  transparent  part  collected  by  the  use  of  either  spectraphotometric  or  spectraradiometric 
instrumentation.  The  data  are  then  examined  using  analytic  methods  to  determine  the 
NVG-weighted  transmissivity  of  the  part . 

3.1.2  Direct  test  method  -  the  test  method  that  uses  the  actual  luminous  output,  as 
measured  by  a  photometer,  properly  coupled  to  the  eyepiece  of  the  test  NVG.  The  NVG- 
weighted  transmissivity  of  the  part  is  then  determined  by  forming  the  ratio  of  the  NVG 
output  luminance  with  the  transparent  part  in  place  to  the  luminance-  output  without  the  part 

3. 1.3.  NVG-weighted  spectral  transmissivity  -  the  spectral  transmissivity  of  a 
transparent  part  multiplied  by  the  spectral  sensitivity  of  a  given  NVG  (see  Fig.  1). 

3.1.4  NVG-weighted  transmissivity  (Tma)  -  the  spectral  transmissivity  of  a 
transparent  part  multiplied  by  the  spectral  sensitivity  of  a  given  NVG  integrated  with 
respect  to  wavelength  (see  Fig.  1,  Equations  1  and  2). 

3.1.5  NVG  spectral  sensitivity  -  the  sensitivity  of  an  NVG  as  a  function  of  input 
wavelength. 

3.1.6  photometer  -  a  device  that  measures  luminous  intensity  or  brightness  by 
converting  (weighting)  the  radiant  intensity  of  an  object  using  the  relative  sensitivity  of  the 
human  visual  system  as  defined  by  the  photopic  curve,  (see  Refs.  2.2.1  and  2.2.2) 

3.1.7  Photopic  curve  -  the  photopic  curve  is  the  spectral  sensitivity  of  the  hitman 
eye  for  daytime  conditions  as  defined  by  the  Commission  Internationale  d’Eclairage  (CIE) 
1931  standard  observer  (see  Refs.  2.2.1  and  2.2.2). 

3.1.8  transmission  coefficient  -  same  as  transmissivity. 

3.1.9  transmissivity  -  the  transmissivity  of  a  transparent  medium  is  the  ratio  of  the 
luminance  of  an  object  measured  through  the  medium  to  the  luminance  of  the  same  object 
measured  directly. 

4.  Summary  of  Test  Methods 

4.1  General  Test  Conditions:  The  test  can  be  performed  in  any  light-controlled 
area  (e.g.,  light-tight  room,  darkened  hangar,  or  outside  at  night  away  from  strong  light 
sources).  The  ambient  illumination  must  be  vety  low  due  to  the  extreme  sensitivity  of  the 
NVGs.  A  fixture  holds  the  NVG  and  its  objective  lens  is  aimed  at  and  focused  on  a  target. 
The  target  can  be  either  an  evenly  illuminated  white,  diffusely  reflecting  surface  or  a 
transilluminated  screen  (lightbox).  The  illumination  is  provided  by  a  white,  incandescent 
light  source.  Handle  the  samples  carefully  as  to  not  cause  any  damage.  Do  not  clean  them 
with  any  solvents.  Use  part  specific,  prescribed  cleaning  materials  and  mathryk 

4.1.1  Direct  Test  Method:  Attached  directly  to  the  eyepiece  of  the  NVG  is  a 
photodetector.  It  has  been  found  that  the  measured  field  of  view  (FOV)  should  be  smaller 
than  the  uniformly  illuminated  portion  of  the  target  The  target  illumination  is  adjusted  so 
that  the  output  of  the  NVGs  is  about  1.7  cd/m2  (0.5  fL).  This  assures  that  the  NVG,  input 
is  not  saturated;  the  automatic  gain  control  (AGC)  is  not  active.  The  luminance  output  of 
the  NVG  is  measured  and  then  repeated  with  the  transparent  material  in  place.  The 
transmissivity  is  equal  to  the  NVG  output  luminance  with  the  transparent  material  in  place 
divided  by  the  NVG  output  luminance  without  the  material  (see  Section  10.1,  Equation  1). 
The  result  is  the  NVG-weighted  transmissivity  (T^)  of  the  transparent  material. 

4. 1 .2  Analytical  test  method:  Without  the  sample  in  place,  measure  the  light 
source’s  spectral  energy  distribution  from  450  nanometers  (nm)  through  950  nm  in  5  nm 
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incremental  steps.  Place  the  sample  into  the  spectrophotometer  or  spectraradiometer 
fixture.  Perform  spectral  measurements,  also  from  450  ran  through  950  nm  in  5  nm 
incremental  steps.  Obtain,  from  the  NVG  manufacturer,  the  spectral  sensitivity  of  the 
goggle  that  will  be  used  in  conjunction  with  the  part.  Perform  analytic  method  as  defined 
in  Section  10.2  by  Equation  2,  to  derive  the  ^avc- 

5.  Significance  and  Use 

5. 1  Significance  -  This  test  method  provides  a  means  to  measure  the  compatibility 
of  a  given  transparency  through  which  NVGs  are  used  at  night  to  view  outside,  nighttime 
ambient  illuminated  natural  scenes. 

5.2  Use  -  This  test  method  may  be  used  on  any  transparent  part  including  sample 
coupons.  It  is  primarily  intended  for  use  on  large,  curved,  or  thick  parts  that  may  already 
be  installed  (e.g.,  windscreens  on  aircraft). 

6.  Apparatus: 

6. 1  Test  Environment  -  This  test  method  can  be  performed  in  any  light-controlled 
area  (e.g.,  light-tight  room,  darkened  hangar,  or  outside  at  night  away  from  strong  light 
sources)  since  the  NVGs  are  extremely  sensitive  to  both  visible  and  near  infrared  light. 
Extraneous  light  sources  (e.g.,  exit  signs,  telephone  pole  lights,  status  indicator  lights  on 
equipment,  etc.)  can  also  interfere  with  the  measurement. 

6.2  White  Diffuse  Target  -  The  white  target  can  be  any  uniformly  diffusely 
reflecting  or  translucent  material  (e.g.,  cloth;  flat  white  painted  surface;  plastic).  The  target 
area  should  be  either  smaller  (see  Figure  2)  or  larger  (see  Figure  3)  than  the  NVG  FOV 
(35-60  degrees  typical)  in  order  to  minimize  potential  alignment  errors. 

6.3  Light  Source  -  The  light  source  should  be  regulated  to  ensure  that  it  does  not 
change  luminance  during  the  reading  period.  It  should  be  a  low  output,  2856  Kelvin 
incandescent  light  since  this  type  emits  sufficient  energy  in  both  visible  and  infrared 
without  any  sharp  emission  peaks  or  voids  (see  Ref.  2.2. 1).  Its  output  must  be  unifonnly 
distributed  over  the  measurement  area  of  the  white  diffuse  target.  Use  of  neutral  density 
filters  or  varying  the  lamp  distance  may  be  needed  to  achieve  sufficiently  low  luminance 
levels  to  be  obtained  for  test,  since  varying  the  radiator's  output  would  shift  its  color 

temperature.  .  .  ...... 

6.4  Night  Vision  Goggles  -  A  family  of  passive  image  intensifying  devices  that 
utilize  visible  and  near-infrared  light  and  enable  the  user  to  see  objects  that  are  illuminated 
by  full  moonlight  through  starlight  only  conditions.  The  goggle  that  is  used  for  test  should 
be  the  same  as  that  which  will  be  used  with  the  given  transparent  material  (see  Appendix 
B). 

6.5  Photometer  -  Any  calibrated  photometer  may  be  used  for  this  measurement. 
However,  the  detector  must  be  properly  coupled  to  the  NVG  eyepiece  and  the  FOV  over 
which  the  light  is  integrated  must  be  known  (see  Appendix  A). 

7.  Test  Specimen  .  .  .  .... 

7. 1  If  necessary,  clean  the  part  to  be  measured  using  the  procedure  prescribed  for 
the  specific  material.  Use  of  nonstandard  cleaning  methods  can  irrevocably  damage  the 
part.  No  special  conditions  other  than  cleaning  are  required. 

8.  Calibration  and  Standardization 

8.1  It  is  not  necessary  that  the  photometer  be  calibrated  in  absolute  luminance  units 
since  the  measurement  involves  the  division  of  two  measured  quantities  yielding  a 
dimensionless  value.  A  generic  photodector  can  be  substituted  for  the  photometer  if  its 
FOV  is  known . 
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9.  Procedure 

9.1  General  Procedures:  All  measurements  are  performed  in  a  darkened  light. 
controlled  area.  In  order  to  control  the  effects  of  reflection,  verify  that  there  are  no 
extraneous  light  sources  that  can  produce  reflections  within  the  measurement  area  of  the 
transparent  material.  To  control  the  effects  of  haze,  verify  that  no  light  other  than  the 
measurement  light,  falls  on  the  area  being  tested. 

9.2  Direct  test  method:  This  method  allows  analysis  of  large  or  small  transparent 
parts  placed  at  either  normal  (perpendicular  to  the  optical  axis)  or  installed  orientations 
such  as  an  aircraft  windscreen.  Figure  2  illustrates  the  use  of  a  small,  transilluminated 
lightbox.  Figure  3  depicts  the  use  of  a  large,  front-illuminated,  white,  diffusely  reflective 
target,  illuminated  as  uniformly  as  possible  using  a  regulated  white  incandescent  light 
source.  The  size  of  the  target  is  dependent  upon  the  test  location,  the  obtainable  luminance 
uniformity,  and  the  FOV  of  the  photodetector  assembly.  In  the  field,  a  transilluminated 
lightbox  is  probably  the  easiest  to  setup  and  use  as  it  offers  the  advantage  of  compact  self- 
contained  portability.  It  is  important  to  maintain  the  same  target  to  NVG  distance  during 
the  measurements.  In  a  light-tight  room,  a  white,  diffusely  reflecting,  front-illuminated 
surface  may  be  utilized.  In  the  field,  the  NVG  can  be  held  by  hand  and  under  laboratory 
conditions,  can  be  mounted  in  a  sturdy  fixture.  It  is  then  aimed  at  and  focused  on  the  white 
target.  The  photodetector  is  attached  to  the  NVG  eyepiece.  With  the  transparent  material 
removed  from  the  measurement  path,  the  variable  white  light  is  adjusted  to  produce  an 
NVG  output  luminance  of  about  1.7  cd/m2  (0.5  fL).  This  insures  that  the  NVG's  input  is 
not  saturated;  the  AGC  is  not  activated.  Due  to  the  extreme  sensitivity  of  NVGs,  neutral 
density  filters  may  need  to  be  placed  in  front  of  the  light  source  in  order  to  obtain  low 
enough  target  luminance.  After  recording  the  NVG's  output  luminance,  the  transparent 
material  is  placed  in  the  measurement  path.  If  the  material  is  a  sample,  its  orientation 
relative  to  the  measurement  path  can  be  simply  perpendicular  or  at  the  installed  angle.  If  an 
aircraft  transparency  is  being  tested,  the  NVG  should  be  located  at  the  design  eye  position 
relative  to  the  transparency  which  is  mounted  in  its  installed  position.  Measuring  at  the 
installed  angle  is  critical  since  many  materials  exhibit  variations  in  transmissivity  as  a 
function  of  angle.  The  NVG's  output,  with  the  test  piece  in  place,  is  then  recorded.  In 
order  to  prevent  damage  to  the  NVGs,  verify  that  they  are  tamed  off  before  the  test  area 
lights  me  turned  on. 

There  are  numerous  classes  of  NVGs  (generations  2, 3;  types  A,  B)  that  vary  in 
their  spectral  sensitivity,  intensified  FOV,  resolution,  etc.  It  is  important  to  select  the 
proper  NVG  type  that  will  be  used  in  a  given  application.  The  NVG  must  also  be  in  good 
working  condition  and  meet  minimum  user  performance  specifications. 

The  target  illumination  source  can  be  an  incandescent  operating  at  2856  Kelvin 
which  is  the  standard  color  temperature  that  is  used  for  many  NVG  test  procedures.  The 
illumination  from  this  source  can  be  varied  using  neutral  density  filters  since  varying  the 
light's  voltage  would  cause  a  corresponding  color  temperature  shift  If  the  NVG  is  to  be 
used  to  view  an  area,  through  a  specific  transparent  material,  that  is  illuminated  by  a 
different  kind  of  light  source  (e.g.,  mercury  vapor;  sodium)  then  that  source  must  be 
properly  noted  in  the  test  report. 

The  luminance  output  of  the  NVG  is  measured  and  then  repeated  with  the 
transparent  material  in  place.  The  transmissivity  is  equal  to  the  NVG  output  luminance 
with  the  transparent  material  in  place  divided  by  the  NVG  output  luminance  without  the 
material  (see  Section  10.1,  Equation  1).  The  result  is  the  NVG-weighted  transmissivity 
( TmG)  of  the  transparent  material. 

9.3  Analytical  test  method:  If  using  a  spectrophotometer,  the  sample  is  usually 
limited  to  about  two  by  two  inch  sample  coupons  held  in  a  normal  position.  In  general  (but 
depending  on  the  model)  a  spectraradiometer  can  be  used  to  measure  large  or  small  parts  at 
normal  or  installed  positions.  With  the  sample  removed,  measure  the  light  source’s 
spectral  energy  distribution  from  450  nanometers  (nm)  through  950  nm  in  5  nm 
incremental  steps.  Place  the  sample  into  the  spectrophotometer  or  spectraradiometer 
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fixture.  Perform  spectral  measurements,  also  from  450  nm  through  950  nm  in  5  nm 
incremental  steps.  Obtain,  from  the  NVG  manufacturer,  the  spectral  sensitivity  of  the 
goggle  type  (in  5  nm  increments)  that  will  be  used  in  conjunction  with  the  transparent  part. 
Perform  analytic  method  as  defined  in  Section  10.2  by  Equation  2,  to  derive  the  Tnvg- 

10.  Tnvc  Calculation 

10.1  Direct  test  method  calculation:  When  using  a  photodetector  attached  to  the 
NVG  eyepiece,  the  calculation  is  described  by  Equation  1 .  The  transmissivity  is  equal  to 
the  NVG  output  luminance  with  the  transparent  material  in  place  (Lf)  divided  by  the  NVG 
output  luminance  without  the  material  (LB).  The  result  is  the  NVG-weighted  transmissivity 
( Tnvc )  of  the  transparent  material. 


T  =^~  (1) 

k B 

where: 

TwG  -  NVG-weighted  transmissivity 

Lt  =  NVG  output  luminance  with  the  transparent  material  in  place 

Lb  -  NVG  output  luminance  without  the  transparent  material 
10.2  Analytical  test  method:  Figure  1  is  an  example  of  the  elements  of  the  Tnvg 
calculation.  When  substituting  a  spectraradiometer  (see  Appendix  A)  for  the  NVG  and 
photodetector  assemblies  (see  Figures  2  and  3),  the  calculation  is  described  by  Equation  2. 
For  Equation  2,  TmG  equals  the  integral  with  respect  to  wavelength,  of  the  transparent 
part’s  spectral  transmissivity  [P( A)]  times  the  spectral  energy  distribution  of  the  light  source 
[S(X)]  times  the  NVG  spectral  sensitivity  [G( A)]  divided  by  the  integral  with  respect  to 
wavelength,  of  the  spectral  energy  distribution  of  the  light  source  times  the  NVG  spectral 
sensitivity. 


-Gen  3  NVG 


- Transparent  Material 


NVG-Weighted  Spectral 
Transmissivity 


450  550  650  750  850 

Wavelength  (nm) 


950 


Figure  1 .  An  example  of  how  the  spectral  sensitivity  of  a  Generation  3  NVG  multiplied  by 
the  spectral  transmissivity  of  a  transparent  part  equals  the  NVG-weighted  spectral 
transmissivity  of  that  part.  Integrating  the  curve  with  respect  to  wavelength  yields  the 
part’s  NVG-weighted  transmissivity  (rwc)  value. 
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950 

f  P(X)S(X)G(X)dX 

nr  _  450 _ 

lmo  ~  950 

f  S(X)G(X)dX 

450 


where: 

Tnvg  -  NVG-weighted  transmissivity 
P(X)  =  spectraradiometric  scan  through  transparent  part 
S(X)  =  spectral  energy  distribution  of  the  light  source 
G(X)  =  spectral  sensitivity  of  night  vision  goggle 


(2) 
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TRANSPARENT 

MATERIAL 


Figure  2.  Direct  test  method  equipment  setup  to  measure  the  night  vision  goggle- 
weighted  transmissivity  of  a  transparent  part  using  a  trans illuminated  lightbox  that 
underfills  the  NVG  FOV. 


TRANSPARENT 

MATERIAL 


Figure  3.  Direct  test  method  equipment  setup  to  measure  die  night  vision  goggle- 
weighted  transmissivity  of  a  transparent  part  using  a  trans  illuminated  lightbox  that 
overfills  the  NVG  FOV. 
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11.  Precision  and  Bias 

1 1 . 1  An  interlaboratory  study  (ASTM  ER  XXXX)  was  conducted  to  determine 
the  precision  of  ASTM  P94-02,  Standard  Test  Method  for  Measuring  Night  Vision 
Goggle-Weighted  Transmissivity  of  Transparent  Materials.  Six  labs  (instruments)  were 
used  to  measure  four  plastic  samples,  five  times  each.  The  statistical  summaries  are  shown 
in  Tables  1  and  2. 

Table  1.  Repeatability  (Sr)  and  reproducibility  (Sx)  values  in  Tma, 
derived  from  the  data  sets  in  Appendix  C. 


REPEATABILITY  (SJ 
WITHIN  LABS 

REPRODUCIBILITY  ( SJ 
BETWEEN  LABS 

SAMPLE  #1 

0.011 

0.015 

SAMPLE  #2 

0.011 

0.016 

SAMPLE  #3 

0.007 

0.011 

SAMPLE  #4 

0.006 

0.008 

MEAN 

0.009 

0.013 

Table  2.  95%  repeatability  (r)  limits  and 
95%  reproducibility  (R)  limits  in  Tmc. 


95%  r  LIMITS 
WITHIN  LABS 

95%  R  LIMITS 
BETWEEN  LABS 

SAMPLE  #1 

0.030 

0.043 

SAMPLE  #2 

0.030 

0.044 

SAMPLE  #3 

0.021 

0.030 

SAMPLE  #4 

0.017 

0.023 

MEAN 

0.025 

0.035 

Sr  ranged  from  0.006  to  0.01 1  Tma 
SR  ranged  from  0.008  to  0.016  Tmc 

r  ranged  from  0.017  to  0.030  Tmc 
R  ranged  from  0.023  to  0.044  TmG 

11.1.1  Since  the  accuracy  of  the  measurements  should  not  and  did  not  depend 
upon  the  type  of  the  transparent  material,  it  is  logical  to  calculate  a  mean  TmG  of  the  4 
sample  sizes  to  derive  the  composite  precision  values  indicative  of  this  method.  In 
summary,  the  statistical  analysis  (ASTM  Standard  Practices  E  691  and  E  177)  revealed  that 
the  method’s  mean  repeatability  (Sr)  was  0.009  7)^ and  the  mean  reproducibility  (Sx)  was 
0.013  TmG.  The  mean  95%  limits  for  repeatability  (r)  was  0,025  Tmc  and  the  mean  95% 
limits  for  reproducibility  (R)  was  0.035  TAVC. 

11.1.2  The  95%  limits  were  calculated  using  the  formulae,  below.  Since  the  95% 
limits  are  based  on  the  difference  between  two  test  results,  the  v2  factor  was  incorporated 
into  the  calculation  (ASTM  Practice  E 177;  27.3.3).  For  r=  95%  repeatability  limit 
(within  laboratories)  and  S,  =  repeatability  standard  deviation. 

r  =  L960*t/2*S, 

*  * 

For  R  =  95%  reproducibility  limit  (between  laboratories)  and  SR  =  reproducibility  standard 
deviation. 

R  =  1.960* &*SX 
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1 1.2  The  procedure  in  this  test  method  has  no  bias  because  the  NVG-weighted 
transmissivity  is  defined  only  in  terms  of  the  test  method. 

12.  Appendix  A 

12.1  Major  suppliers  of  photometers: 

.International  Light  Inc.,  Newburyport  MA 
Labsphere,  North  Sutton  NH 

Minolta  Corp. 

Photo  Research,  Chatsworth  CA 

12.2  Major  photometric  light  source  manufacturers: 

Acton  Research  Corp.,  Acton  MA 

DBA  Systems  Inc.,  Melbourne  FL 

Electro  Optical  Industries  Inc.,  Santa  Barbara  CA 

Graseby  Infrared,  Orlando  FL 

Hoffman  Engineering  Corp.,  Stamford  CT 

Labsphere  Inc.,  North  Sutton  NH 

Optronic  Laboratories  Inc.,  Orlando  FL. 

Oriel  Corp.,  Strattford  CT 
Pyrometrics  Corp.,  Millington  NJ. 

12.3  Major  manufacturers  of  night  vision  goggles: 

ITT,  Roanoke  VA 

Litton,  Phoenix  AZ 


5.  HUMAN  FACTORS  INTERFACE  ISSUES  WITH  NIGHT  VISION  GOGGLES 


This  last  section  provides  several  articles  that  treat  human  factors  issues  associated  with 
NVG  characteristics,  such  as  field  of  view  and  interface  issues  with  other  aircrew 
equipment.  In  addition,  this  section  presents  articles  that  involve  ancillary  NVG 
equipment,  such  as  the  night  vision  goggle  head-up  display  (NVG  HUD).  This  system 
was  developed  by  AFRL/HEC  in  the  early  1980s,  as  a  means  of  injecting  symbology 
information  into  the  pilot’s  NVG  image  intensifier  scene. 

These  articles  are  reprinted  to  provide  the  reader  with  a  reference  and  background  to 
better  understand  NVG  human  factors  interface  issues. 
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France:  NATO  Advisory  Group  for  Aerospace  Research  &  Development.  (NTIS  No. 
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Field  Of  View  Effects  Upon  A  Simulated  Flight 
And  Target  Acquisition  Task 

Denise  L.  Aleva 
Human  Effectiveness  Directorate 
Air  Force  Research  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio  45433-7022 


ABSTRACT 

Pilot  flight  performance  and  target  acquisition  were  evaluated  for  40  degree  and  100  degree 
fields  of  view  in  the  Synthetic  Immersion  Research  Environment  at  the  Air  Force  Research 
Laboratory.  The  facility  consists  of  an  F- 16  like  cockpit  mockup  and  a  40-foot  diameter  dome  display. 
The  simulation  environment  includes  textured  ground  and  sky  features  with  embedded  ground  targets. 
Daytime  simulators  of  night  vision  goggles  were  worn  by  the  pilots  to  limit  field  of  view.  Pilots  were 
able  to  acquire  and  designate  16  percent  more  targets  with  the  100  degree  field  of  view  than  with  the 
40  degree  field  of  view.  Pilot  flight  performance  was  not  found  to  be  affected  by  field  of  view. 


INTRODUCTION 

Current  generations  of  night  vision 
goggles  (NVGs)  are  limited  to  a  40  degree  field 
of  view.  Pilots  have  described  the  use  of  these 
goggles  as  trying  to  fly  while  looking  through  a 
straw.  The  Air  Force  Research  Laboratory  is 
currently  developing  a  new  night  vision  goggle, 
called  the  Panoramic  Night  Vision  Goggle, 
which  will  provide  a  100  degree  field  of  view. 
In  order  to  significantly  increase  the  field  of 
view  of  night  vision  goggles,  a  novel  approach 
was  required.  This  approach  uses  four  image 
intensifier  tubes  instead  of  the  usual  two  to 
produce  a  100  degree  wide  field  of  view. 

NVGs  with  fields  of  view  ranging  from 
30°  (GEC-Mareoni  Avionics’  Cat’s  Eyes 
NVGs)  to  45°  (GEC-Marconi  Avionics’  NITE- 
OP  and  NITE-Bird  NVGs)  have  been  used  in 
military  aviation  for  more  than  20  years.  The 
vast  majority  of’NVGs  in  use  today  (AN/AVS- 
6  and  AN/AVS-9)  provide  a  40°  FOV.  An 
extensive  survey  of  military  (U.S.  Air  Force) 
NVG  users  conducted  during  1992  and  1993 


revealed  that  increased  FOV  was  the  number 
one  enhancement  most  desired  by  aircrew 
members  followed  closely  by  resolution.1  This 
was  a  major  motivating  factor  for  the 
development  of  an  enhanced  NVG  capability. 
While  pilot  acceptance  of  the  panoramic  goggle 
prototype  is  extremely  positive,  no  objective 
performance  data  are  yet  available. 


BACKGROUND 

While  current  operational  flight  testing 
of  the  PNVG  at  Nellis  Air  Force  Base  has 
yielded  very  positive  subjective  evaluation  of 
the  advantages  of  increased  field  of  view,  no 
objective  evaluation  of  pilot  performance  is  yet 
available.  Several  other  experimenters  have 
reported  improved  operator  performance  as  a 
function  of  increased  field  of  view.  Those  most 
applicable  are  described  below. 

Szoboszlay  et  al.  conducted  an 
experiment  in  which  a  series  of  prescribed  low 
altitude  maneuvers  were  performed  by  eleven 
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US  pilots  and  4  UK  pilots  with  an  instrumented 
rotorcraft.2,3  The  pilots  wore  a  specially 
constructed  helmet  visor  which  limited  the  field 
of  view.  Horizontal  limits  were:  unrestricted, 
100,  80,  60,  40  and  20  degrees.  The  vertical 
limit  remained  constant  at  40  degrees,  and  all 
except  the  20  degree  field  of  view  had  a  40 
degree  overlap._The  aircraft  flight  path  was 
measured  with  a  laser  tracker.  On  board  flight 
data  were  recorded  giving  the  position  of  the 
aircraft  in  three  dimensions,  radar  altitude  and 
attitude. 

Standard  statistical  comparisons  were 
made  of  the  task  performance  at  each  field  of 
view  compared  to  the  performance  at 
unrestricted  field  of  view.  Only  for  the 
precision  landing  and  hovering  turn  and  the 
entire  bob-up,  did  fields  of  view  greater  than  40 
degrees  show  significant  differences  compared 
to  the  performance  with  unrestricted  field  of 
view.  Data  for  U.S.  pilots  were  analyzed  for 
each  maneuver  to  determine  the  limit  beyond 
which  increasing  field  of  view  did  not  result  in 
increased  performance.  There  was  considerable 
variation  due  to  maneuver  with  range  of  40  to 
98  degrees. 

Pilots  flying  with  restricted  field  of 
view  often  thought  they  were  flying  the  aircraft 
better  than  they  actually  were.  At  60  degrees 
field  of  view,  one  pilot  who  was  very 
experienced  in  flying  AH- IS  aircraft  and 
NVGs  stated  that  his  poor  situational  awareness 
and  performance  “was  very  insidious”  since  he 
felt  that  he  was  performing  much  better  than  he 
actually  was.  Nearly  all  pilots  missed  seeing 
the  RPM  warning  indicator  at  the  top  of  the 
instrument  panel.  Several  pilots  commented 
that  with  restricted  field  of  view  they  could  not 
see  multiple  cues  at  the  same  time  and  had  to 
switch  between  cues.  This  required  more  head 
movement  and  a  different  scan  technique. 
Some  commented  that  a  large  amount  of  head 
movement  caused  problems  in  controlling  the 
aircraft  as  well  as  some  disorientation. 


Kenyon  et  al.  studied  field  of  view 
effects  in  the  laboratory  for  a  critical  tracking 
task.4  The  tracking  task  required  stabilization 
of  the  roll  motion  of  a  visual  scene  driven  by  an 
unstable  first  order  plant.  The  fields  of  view 
studied  were  in  the  range  of  10  -  120  degrees. 
A  dedicated  graphics  workstation  read  and 
stored  the  subject’s  control  input  and  generated 
the  out-the-window  scene  which  was  displayed 
on  a  19-inch  color  monitor.  The  visual 
conditions  were  produced  by  having  the  subject 
view  the  face  of  the  CRT  through  the  Expanded 
Field  Display,  an  optical  system  that  expands 
the  CRT  image  over  a  120  degree  field  of  view. 
Particular  fields  of  view  were  created  by 
cutting  circular  holes  in  black  matte  paper. 
These  masks  were  inserted  into  the  viewing 
system.  Five  male  subjects  participated  in  this 
experiment.  The  primary  measure  was 
effective  time  delay.  A  transition  time  constant 
was  also  calculated  as  an  indicator  of  task 
difficulty. 

The  subjects’  performance  was  worst  at 
the  10  degree  field  of  view.  The  most 
improvement  occurred  up  to  the  40  degree  field 
of  view.  The  best  performance  occurred  at  80 
or  100  degree  field  of  view.  The  subjects 
reported  that  the  task  was  easiest  at  the  80 
degree  field  of  view.  The  authors  suggested 
that  increasing  the  field  of  view  from  40  to  80 
degrees,  while  improving  performance  only 
slightly,  greatly  reduced  the  subjects’ 
workload. 

Wells  et  al.  studied  field  of  view  effects 
upon  a  target  acquisition  and  replacement  task 
combined  with  a  tracking  task.5  The  targets 
were  arrowhead  shaped,  2.2  degree  high  and 
wide  within  a  gaming  area  120  degrees  left  and 
right  and  90  degrees  upwards  from  straight 
ahead.  The  targets  were  viewed  in  combination 
with  a  terrain  scene  or  a  blank  background. 
There  were  two  search  conditions:  slow  search 
up  to  three  minutes  to  find  and  memorize  target 
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positions,  and  search  and  remove  as  fast  as 
possible. 

The  subjects  were  required  to  visually 
acquire,  remember  the  location  of,  monitor  (for 
threat  mode  indicated  by  shape  change),  and 
shoot  3  or  6  objects.  The  secondary  tracking 
task  required  the  subject  to  keep  an  inverted 
“T”  straight  and  level  on  the  display.  The  field 
of  view  was  120x60  degrees  for  terrain  and  the 
tracking  task.  Fields  of  view  were  20x20, 
45x42.5,  60x50,  90x60  and  120x60  (azimuth  x 
elevation)  for  targets. 

This  experimental  set-up  simulated 
viewing  the  output  from  a  head-steered  sensor 
on  a  see-through  helmet-mounted  display.  Two 
helmet-mounted  displays  were  used  with  a 
combined  maximum  field  of  view  of  120x80 
with  a  40  degree  binocular  overlap.  The 
position  of  the  helmet  was  measured  in  6  axes 
with  an  electromagnetic  helmet  position 
tracker;  this  information  was  used  to  present 
space-stabilized  images  on  the  displays.  A 
computer  generated  stroke-drawn  world  of  4  pi 
steradians  at  optical  infinity  updated  at  20Hz. 
A  head-stabilized  reticle  cross  was  always 
present  in  the  center  of  the  field  of  view.  The 
subjects  were  10  paid  volunteers.  The  number 
of  objects  hit,  mean  time  threatened, 
replacement  error  and  RMS  tracking  error  were 
recorded. 

For  the  shoot  and  replace  task  alone, 
there  was  a  significant  interaction  between 
target  density  and  field  of  view  and  a 
performance  decrement  only  at  the  20  degree 
field  of  view  for  the  higher  target  density.  Data 
were  similar  under  dual  task  conditions. 
However,  there  was  a  significant  effect  of  field 
of  view  upon  tracking  error.  These  data  show  a 
trend  of  decreasing  error  with  increasing  field 
of  view  up  through  90  degrees.  The  authors 
concluded  that  the  decrement  in  secondary  task 


performance  with  decreasing  fields  of  view 
suggests  that  the  subjects  had  to  allocate  more 
resources  to  the  primary  task  when  working 
with  smaller  fields  of  view.  The  increase  in 
tracking  error  with  the  small  fields  of  view 
occurred  despite  longer  allowed  search  times 
for  the  conditions  with  smaller  fields  of  view. 

While  all  of  the  above  studies  show 
some  advantages  of  fields  of  view  larger  than 
40  degrees,  we  were  particularly  interested  in 
the  comparison  of  40  degrees  and  100  degrees 
which  represent  NVGs  currently  in  use  and  the 
PNVG  respectively.  The  pilot  study  reported 
herein  evaluated  these  two  fields  of  view  for 
performance  of  a  primary  low  level  flight  task 
with  secondary  target  acquisition  task. 

METHOD 

Flight  performance  and  target 
acquisition  were  evaluated  for  two  pilots  in  the 
Synthetic  Immersion  Research  Environment  at 
the  Air  Force  Research  Laboratory  .  The 
facility,  which  is  shown  in  Figure  1,  consists  of 
an  F-16  like  cockpit  mockup  and  a  40-foot 
diameter  dome  display.  Flight  controls 
available  to  the  pilot  included  a  sidestick 
controller,  throttle,  and  rudder  pedals.  A  head 
up  display  (HUD)  and  three  head  down 
displays  (HDDs)  provided  basic  flight 
information,  navigation  instrumentation  and 
radar  warning  receiver  (RWR)  scope.  The 
simulation  environment  included  textured 
ground  and  sky  features.  An  out-the-window 
visual  scene  was  displayed  on  the  surface  of  the 
dome.  The  terrain  data  used  for  the  simulation 
was  a  50  by  60  nautical  mile  area  near 
Albuquerque,  New  Mexico.  Embedded  in  the 
terrain  database  were  numerous  stationary 
SCUD-like  targets.  A  head-coupled  target 
designator  was  also  displayed  on  the  surface  of 
the  dome. 
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Figure  1 .  Synthesized  Immersion  Research 
Environment 

Forty  eight  unique  flight  paths  were 
predefined  within  the  50  by  60  nautical  mile 
gaming  area.  Each  flight  path  was  defined  by  3 
points:  (1)  a  start  point,  (2)  a  turn  point  and  (3) 
an  end  of  task  point.  A  flight  path  graphic  is 
shown  in  Figure  2.  This  effectively  divided  the 
flight  path  into  two  segments.  The  mission  was 
a  low  level  ingress  with  intent  to  deliver  a 
weapon;  however,  the  weapon  delivery 
segment  was  not  included  in  the  simulation. 
The  mission  simulation  began  with  the  pilot’s 
ownship  on  course  at  approximately  500  feet 
above  ground  level  (AGL).  The  pilots  were 
instructed  to  maintain  an  altitude  of  500  feet 
AGL  and  airspeed  of  350  knots.  At  a  variable 
time  early  in  the  second  segment,  a  missile 
launch  event  took  place.  The  pilot  was 
required  to  perform  evasive  maneuvers  and 
release  chaff  in  response  to  the  missile  launch 
event.  As  soon  as  the  missile  was  no  longer  a 
threat,  the  pilot  was  required  to  recover  the 
aircraft  to  the  preplanned  flight  path.  Several 
parameters  of  the  pilot’s  performance  were 
scored.  These  included  airspeed,  altitude, 
maneuver  to  avoid  missile  and  frequency  of 
chaff  release.  If  the  total  score  was  not  within 
acceptable  parameters,  the  mission  was 


Figure  2.  Flight  path  graphic. 


aborted. 

In  addition  to  the  flight  task,  the  pilots 
were  required  to  scan  the  surrounding  terrain 
and  designate  as  many  of  the  ground  targets  as 
possible.  This  was  accomplished  by  moving 
the  head-coupled  target  designator  over  the 
target  and  pulling  the  trigger  on  the  sidestick 
controller.  The  pilots  were  instructed  to  treat 
the  precision  navigation  flight  task  as  their 
primary  task  and  the  targeting  task  as  a 
secondary  task. 

Daytime  simulators  of  night  vision 
goggles  were  worn  by  the  pilots  to  limit  field  of 
view.  Two  fields  of  view  were  evaluated;  these 
were  40  degrees  and  100  degrees.  The  40 
degree  field  of  view  represents  the  currently 
fielded  night  vision  goggles  while  the  100 
degree  field  of  view  represents  the  newly 
developed  PNVG. 

Prior  to  the  data  collection  trials,  the 
pilots  were  given  a  familiarization  briefing  of 
the  cockpit  and  the  mission  to  be  flown.  They 
were  then  allowed  to  fly  several  trials  with 
unlimited  field  of  view  until  they  felt 
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comfortable  with  the  task  to  be  performed. 
They  then  flew  three  practice  trials  with  the 
100  degree  and  40  degree  field  of  view  NVG 
simulators.  If  any  trial  was  aborted  due  to 
unacceptable  flight  perfomiance  or  crashing 
into  terrain,  it  was  repeated. 

For  the  data  collection,  the  pilots  flew 
each  of  three  distinct  flight  paths  four  times  - 
twice  with  the  40  degree  field  of  view  and 
twice  with  the  100  degree  field  of  view  -  for  a 
total  of  twelve  trials.  These  three  flight  paths 
were  different  from  those  flown  by  the  pilots 
during  the  practice  trials.  While  a  large  number 
of  targets  are  in  the  vicinity  of  the  flight  path, 
many  are  obscured  by  terrain.  The  number  of 
targets  actually  visible  to  the  pilot  was 
dependent  upon  the  altitude  and  actual  flight 
path  of  the  aircraft;  generally  between  40  and 
60  targets  were  visible  at  some  time  during 
each  trial.  Each  trial  took  approximately  four 
to  five  minutes. 


RESULTS 

Analyses  of  variances  were  conducted 
to  examine  the  effects  of  field  of  view  upon 
several  flight  parameters  including  the  percent 
of  time  above  500  feet  AGL,  mean  altitude 
(feet),  standard  deviation  of  altitude  (feet)  and 
RMS  lateral  course  error.  None  of  these 
parameters  were  found  to  differ  significantly  as 
a  function  of  field  of  view.  The  number  of 
target  designations  was  found  to  differ 
significantly  as  a  function  of  field  of  view.  The 
mean  number  of  target  designations  for  the  40 
degree  field  of  view  was  24.5  while  that  for  the 
100  degree  field  of  view  was  28.5.  The  targets 
actually  visible  to  the  pilot  dining  each  trial 
were  counted  and  the  percentage  of  these 
targets  that  were  designated  was  calculated. 
The  pilots  designated  48.7  percent  of  the 
visible  targets  while  wearing  the  40  degree 
field  of  view  simulator  and  60.2  percent  while 


wearing  the  100  degree  field  of  view  simulator. 
This  difference  was  not  statistically  significant. 

DISCUSSION 

The  lack  of  significant  effects  upon  any 
of  the  flight  performance  parameters  indicates 
that  pilots  were  able  to  maintain  an  acceptable 
level  of  flight  performance  with  either  the  40  or 
100  degree  field  of  view.  The  significant  effect 
of  field  of  view  upon  number  of  target 
designations  indicates  that  pilots  were  able  to 
increase  target  acquisition  perfomiance  while 
maintaining  flight  performance.  The  100 
degree  field  of  view  resulted  in  a  16  percent 
increase  in  the  number  of  target  designations 
over  that  with  the  40  degree  field  of  view. 
Pilots  indicated  that  with  the  wider  field  of 
view  they  felt  more  comfortable  in  looking 
away  from  the  flight  path  in  search  of  targets. 

The  current  data  represents  only  two  pilots. 
Certainly  data  must  be  collected  for  several 
more  pilots  and  further  analyses  conducted. 
The  lack  of  statistical  significance  for  the 
percent  of  visible  targets  designated  was 
probably  due  to  the  small  sample  size.  Also  of 
interest  for  future  experimentation  is  the  effect 
of  increased  field  of  view  in  enabling  the  pilot 
to  detect  airborne  targets. 
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INTRODUCTION 

Night  vision  goggles  (NVGs)  are  widely  used  to  enhance  visual  capability  during  night 
operations.  NVGs  are  basically  composed  of  an  objective  lens  which  focuses  an  image  onto  the 
photo-cathode  of  an  image  intensifler  tube  which  in  turn  produces  an  amplified  image  that  is 
viewed  through  an  eyepiece  lens.  There  are  several  versions  of  NVGs  in  use  and  in 
development.  These  include  the  AN/P  VS -5,  AN/ A  VS -6,  PVS-7,  Cat’s  Eyes,  Nite-Op,  Eagle 
Eyes,  Merlin,  and  others.  The  first  section  of  this  paper  provides  a  brief  description  and 
characterization  of  each  of  these  NVGs. 

There  are  several  parameters  that  are  used  to  characterize  the  image  quality  and  capability  of 
the  NVGs.  These  parameters  include  field-of-view  (FOV),  resolution,  spectral  sensitivity, 
brightness  gain,  distortion,  magnification,  optical  axes  alignment,  image  rotation,  overlap, 
beamsplitter  ratio,  exit  pupil  diameter,  eye  relief,  and  others.  Each  of  these  is  discussed  in  the 
second  section  of  this  paper. 


CURRENT  NIGHT  VISION  GOGGLES 

In  general,  all  NVGs  are  similar  in  that  they  all  have  three  basic  components:  an  objective 
lens  system,  an  image  intensifler,  and  an  eye  lens  system.  However,  there  are  several  ways  in 
which  these  different  components  can  be  designed  and  configured  which  vary  the  trade-off 
between  some  of  the  design  parameters. 

The  heart  of  any  NVG  is  the  image  intensifler  tube.  Both  second  and  third  generation  tubes 
are  in  wide  use  in  fielded  systems  today.  The  second  generation  image  intensifler  tubes 
(typically  referred  to  as  "gen  II")  are  sensitive  to  light  from  about  400  nm  to  about  900  nm 
whereas  the  more  sensitive  third  generation  tubes  are  sensitive  from  about  600  nm  to  a  little  over 
900  nm  (see  figure  1).  This  compares  to  a  human  visual  spectral  sensitivity  that  ranges  from 
about  400  nm  to  700  nm.  The  "gen  III"  tubes  are  about  4  to  5  times  more  sensitive  to  night  sky 
illumination  than  the  "gen  II"  tubes  but  they  also  cost  significantly  more. 
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Wavelength  (nanometers) 

Figure  1 .  Spectral  sensitivity  of  second  and  third  generation  image  intensifier  tubes. 


The  following  sections  provide  a  brief  description  of  several  fielded  and  developmental 
NVGs  with  an  abbreviated  table  of  some  of  their  key  characteristics. 

PVS-5 


The  US  Army  developed  the  PVS-5  NVGs  for  use  by  vehicle  drivers  and  ground  troops. 
When  these  NVGs  were  initially  fielded  they  all  used  a  second-generation  image  intensifier  tube. 
Although  in  later  years  some  have  been  produced  with  a  so-called  "second  gen  plus"  tube  which 
provided  about  twice  the  gain  as  the  original  gen  II  tube.  There  are  currently  three  versions  of 
the  PVS-5  (a,b,  and  c)  which  vary  in  their  mounting  mechanism,  objective  lens  and  image 
intensifier  tube  characteristics;  but  they  all  have  the  same  basic  construction.  The  PVS-5  is 
composed  of  two  in-line  oculars.  Each  ocular  has  an  objective  lens  located  directly  in  front  of 
the  image  intensifier  tube.  The  objective  lens  produces  an  image  of  the  outside  scene  directly  on 
the  photo-cathode  of  the  image  intensifier  tube.  Since  the  objective  lens  inverts  the  image  of  the 
outside  scene  it  is  necessary  to  employ  a  fiber  optics  "twister"  to  rotate  the  amplified  image  back 
to  an  upright  orientation.  An  eyepiece  lens  is  located  directly  behind  the  output  of  the  image 
intensifier  and  acts  as  a  simple  magnifier  lens  for  viewing  the  output  image.  The  objective  lens 
and  eyepiece  lens  have  the  same  focal  length  to  produce  a  system  with  approximately  unity 
magnification.  The  eyepiece  lens  is  adjustable  to  accommodate  -6  to  +2  diopters  of  correction  to 
compensate  for  wearers  who  require  eyeglasses. 

The  housing  for  the  PVS-5  is  somewhat  bulky  with  a  padded  back  surface  that  rests  against 
the  face.  When  originally  fielded  the  PVS-5  was  mounted  to  the  head  by  a  series  of  straps  that 
went  around  and  over  the  head.  Later  versions  were  modified  to  attach  to  a  flyers  helmet  and 
had  much  of  the  housing  cut  out  to  permit  the  wearer  to  view  under  the  NVGs  at  flight 
instruments  (McLean,  1982).  This  led  to  the  PVS-5c  version.  Table  1  is  a  brief  summary  of  the 
key  characteristics  of  the  PVS-5  NVG. 

Table  1.  PVS-5  Characteristics 


Field-of-view  (FOV): 
Resolution: 

Exit  pupil:’ 
Beamsplitter: 

Eyelens  Adjustment: 
Weight: 


40  degrees  circular 
20/50  -  20/70  Snellen 
None 
No 

-6  to  +2  diopters 
880  gm  (31  oz) 
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The  PVS-5  NVG  does  not  have  a  real  exit  pupil  since  it  does  not  use  a  relay  lens.  The 
resolution  ranges  shown  in  Table  1.  reflects  the  range  of  values  that  have  been  published  by 
different  authors  over  the  past  10-12  years.  Since  the  image  intensifier  tube  is  a  key  component 
in  limiting  resolution  it  is  most  probable  that  the  20/50  Snellen  acuity  (published  in  more  recent 
documents)  is  a  result  of  improved  image  intensifier  manufacturing  and  design. 


AN/AVS-6  (ANVIS) 

The  AN/AVS-6,  or  aviator's  night  vision  imaging  system  (ANVIS),  NVG  was  developed  by 
the  US  Army  specifically  for  use  in  helicopter  flying.  These  were  also  designed  using  third 
generation  image  intensifier  tubes  which  has  led  to  some  confusion  in  terminology.  The  ANVIS 
NVGs  have  also  been  referred  to  as  third  gen  NVGs  and  the  PVS-5s  as  second  gen  NVGs 
primarily  because  those  tubes  came  with  the  original  systems.-  However,  second  generation  plus 
tubes  have  been  installed  in  ANVIS  type  housings  so  the  correct  designation  should  include  both 
the  NVG  type  (e.g.  ANVIS  or  PVS-5)  and  the  image  intensifier  tube  (e.g.  second  gen,  second 
gen  plus,  or  third  gen)  to  prevent  confusion. 

The  ANVIS  NVGs  look  very  much  like  a  pair  of  binoculars.  The  fundamental  optical  design 
is  very  similar  to  the  PVS-5  in  that  an  objective  lens  focuses  an  image  onto  the  photo-cathode  of 
the  image  intensifier  tube,  a  fiber  optics  twister  re-inverts  the  output  image  that  is  viewed  by  a 
simple  magnifier  eyepiece  lens.  The  mounting  system  is  substantially  different  in  that  the 
ANVIS  was  originally  designed  to  attach  to  a  helmet.  The  mounting  system  provides 
adjustments  for  inter-pupillary  distance,  tilt,  vertical,  and  fore/aft  position.  The  objective  lens 
was  also  of  a  lower  F/number  (ratio  of  focal  length  to  diameter  of  lens)  to  improve  its  light 
gathering  capability  and  thereby  increase  the  overall  gain  of  the  NVG.  Table  2  is  a  summary  of 
the  key  characteristics  of  the  AN/AVS-6  NVG. 

Table  2.  AN/AVS-6  Characteristics 


Field-of-view: 

Resolution: 

Exit  pupil: 
Beamsplitter: 
Eyelens  Adjustment: 
Weight: 


40  degrees  circular 
20/40  -  20/50  Snellen 
None 
No 

-6  to  +2  diopters 
775  gm 


AN/PVS-7 


In  an  effort  to  reduce  costs  for  providing  NVGs  to  ground  forces  the  US  Army  developed  the 
PVS-7  NVGs.  This  NVG  is  unique  in  that  it  is  biocular:  it  has  one  objective  lens,  one  image 
intensifier  but  two  eyepieces.  The  objective  lens  and  image  intensifier  tube  configuration  is 
similar  to  the  PVS-5  and  ANVIS;  however,  since  the  optical  system  used  to  split  the  image  for 
the  two  eyes  re-inverts  the  image  it  was  not  necessary  to  twist  the  fiber  optics  to  do  file  re¬ 
inversion.  However,  a  fiber  optics  conduit  was  still  used  (without  twist)  since  it  was  integral  to 
the  manufacture  of  the  tube. 

Another  significant  difference  between  this  NVG  and  the  ones  previously  discussed  is  that  it 
uses  a  relay  lens  to  transfer  the  image  from  the  output  of  the  image  intensifier  tube  to  the 
eyepiece  lenses.  This  causes  the  creation  of  a  real  exit  pupil  (see  later  section  on  NVG 
characteristics).  Table  3  is  a  summary  of  the  key  characteristics  of  the  PVS-7  NVGs. 
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Table  3.  PVS-7  Characteristics 


Field-of-view: 

Resolution: 

Exit  pupil: 
Beamsplitter: 
Eyelens  Adjustment: 
Weight: 


40  degrees  circular 
20/40  -  20/50  Snellen 
10  mm  dia 
No 

-6  to  +2  diopters 
580  gm  (w/mount) 


It  should  be  noted  that  the  PVS-7  NVGs  are  not  considered  suitable  for  piloting  aircraft  for 
safety  reasons:  if  the  image  intensifier  tube  fails  then  the  image  is  lost  to  both  eyes  whereas  with 
the  PVS-5  or  ANVIS  if  one  channel  fails  the  other  is  still  available. 

NITE-OP  NVGS 


The  Nite-Op  NVG  was  developed  by  Ferranti  International  for  the  British  military  as  an 
improvement  over  the  ANVIS  NVGs.  The  basic  design  is  very  similar  to  the  ANVIS  NVGs  but 
the  mounting  system  is  much  more  ruggedized  and  the  field-of-view  is  larger.  In  addition,  the 
eyepiece  lenses  are  much  larger  in  diameter,  which  permits  larger  eye  relief  and/or  larger 
mounting/positioning  tolerance  with  respect  to  the  wearer's  eyes.  Table  4  is  a  summary  of  key 
characteristics  of  the  Nite-Op  NVGs. 


Table  4.  Nite-Op  NVGs 


Field-of-view: 

Resolution: 

Exit  pupil: 
Beamsplitter: 
Eyelens  Adjustment: 
Weight: 


45  degrees  circular 
20/40  -  20/50  Snellen 
None 
No 

-3.5  to  +0.5  diopters 
750  gm 


Cat's  Eves  NVGs 

The  Cat's  Eyes  were  developed  and  are  produced  by  GEC  Avionics  in  UK.  The  front-end 
optical  system  is  similar  in  basic  design  to  the  ANVIS  but  the  eyepiece  optics  are  significantly 
different.  These  NVGs  were  designed  to  provide  a  see-through  combiner  (beamsplitter)  in  front 
of  each  eye  which  allows  the  wearer  to  see  his  instrument  panel  or  head-up  display 
(HUD)directly  without  going  through  the  image  intensifier.  This  concept  was  developed  to 
allow  a  pilot  to  view  his  aircraft  HUD  without  the  loss  of  image  quality  that  might  occur  if 
he/she  viewed  the  HUD  through  the  image  intensifier  system. 

However,  this  design  concept  requires  that  the  optical  path  after  the  image  intensifier  tube  be 
folded  which  leads  to  a  smaller  obtainable  field-of-view.  In  addition,  the  beamsplitter  reduces 
the  luminance  from  the  image  intensifier  tube  thus  reducing  the  gain  of  the  system.  Table  5  is  a 
summary  of  the  Cat's  Eyes  NVGs. 
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Tables,  Cat’s  Eyes  NVGs 


Field-of-view: 

Resolution: 

Exit  pupil: 
Beamsplitter: 
Eyelens  Adjustment: 
Weight: 


30  degrees  w/clipping 
20/40-20/50  Snellen 


None 

Yes 

None 

750-800  gm 


The  folding  of  the  optical  system  results  in  a  circular  30  degrees  field-of-view  with  some 
clipping  of  the  image  in  the  lower  right  and  lower  left.  This  makes  the  actual  FOV  appear 
something  like  a  baseball  diamond  viewed  from  above. 


EAGLE  EYES  NVGs 


All  of  the  previously  discussed  NVGs  have  been  fielded  and  are  in  use  in  military 
applications  somewhere  in  the  world  for  either  ground  or  aviator  use.  The  Eagle  Eyes  NVG 
designed  by  Night  Vision  Corporation  is  still  under  development.  The  unique  feature  of  the 
Eagle  Eyes  NVGs  is  that  the  optical  system  for  both  the  objective  lens  and  eyepiece  lens  are 
folded  to  produce  a  low  profile  NVG  that  fits  fairly  close  to  the  face.  In  order  to  do  this,  the 
objective  lens  apertures  are  spaced  further  apart  than  the  distance  between  the  two  eyes 
producing  some  stereopsis  exaggeration  at  close  distances.  The  Eagle  Eyes  are  also  designed 
with  a  beamsplitter  eyepiece  lens  system  to  permit  direct  viewing  of  the  HUD  and/or  instrument 
panel.  Table  6  is  a  brief  summary  of  the  key  characteristics  of  the  Eagle  Eyes. 

Table  6.  Eagle  Eyes  NVGs 


Field-of-view: 

Resolution: 

Exit  pupil: 
Beamsplitter: 
Eyelens  Adjustment: 
Weight: 


40  degrees  circular 

20/40  -  20/50  Snellen 

None 

Yes 

None 

580  gm 


Due  to  the  nature  of  the  folding  in  the  Eagle  Eyes  optical  system  there  is  very  little  eye  relief 
and  the  peripheral  vision  is  reduced.  These  were  the  trade-offs  to  obtain  the  extremely  low 
profile  of  these  NVGs. 


* 

MERLIN  NVGS 


MERLIN  (Modular,  Ejection-Rated,  Low-profile,  Imaging  for  Night)  is  under  development 
by  ITT  corporation.  It  uses  two  separate,  independently  adjustable  oculars  and  a  unique  image 
intensifier  tube  design.  The  image  intensifier  tube  and  power  supply  have  been  repackaged.  The 
tube  does  not  use  a  fiber  optics  faceplate  or  twister,  which  allows  for  improved  resolution.  The 
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optical  system  does  employ  a  relay  lens  that  produces  a  real  exit  pupil.  The  system  is  designed 
to  fit  onto  existing  HGU-53  and  HGU-55  aviator  helmets.  Table  7  is  a  summary  of  the  MERLIN 
characteristics. 

Table  7.  MERLIN  NVGs 


Field-of-view: 

Resolution: 

Exit  pupil: 
Beamsplitter: 
Eyelens  Adjustment: 
Weight: 


35  degrees  circular 

20/35  -  20/40  Snellen 

10  mm  dia 

Yes  or  No  (optional) 

None 

800  gm 


OTHER  NVG  SYSTEMS 

There  are  several  other  NVG  systems  that  have  been  developed  but  due  to  their  proprietary 
status  they  are  not  discussed  here.  The  systems  that  have  been  presented  provide  a  fairly 
complete  coverage  of  the  different  approaches  (beamsplitter  vs.  no  beamsplitter;  pupil  forming 
vs.  non-pupil  forming;  folded  vs.  non-folded  optics;  biocular  vs.  binocular;  fiber  optics  twister 
vs.  no  twister;  etc)  that  have  been  tried. 

Another  device  that  is  closely  related  to  the  NVGs  and  has  been  retrofit  to  some  NVGs  is  the 
NVG-HUD.  The  NVG-HUD  was  designed  to  provide  critical  flight  information  symbology 
overlaid  on  the  NVG  FOV.  Several  different  designs  have  been  developed  to  retrofit  to  existing 
NVGs  and  there  is  a  desire  by  some  organizations  to  include  the  symbology  generation 
capability  as  an  integral  part  of  the  NVG  for  airborne  use. 


NIGHT  VISION  GOGGLES  CHARACTERISTICS 
There  are  many  parameters  that  are  used  to 

characterize  night  vision  goggles.  This  section  of  the  paper  discusses  a  large  number  of  these 
parameters  and  how  they  relate  to  vision.  Table  8  is  a  list  of  these  parameters. 

Table  8.  NVG  Design  Parameters 


Field-of-view 
Image  quality 
Exit  pupil  size 
Eye  relief 
Image  location 
Magnification 
Image  rotation 
Distortion , 


Field-of-View 


Signal-to-noise  ratio 
Luminance  uniformity 
Luminance  level 
Luminance  gain 
Beamsplitter  ratio 
Fixed  pattern  noise 
Binocular  parameters 
Optical  axes  alignment 


Probably  the  first  parameter  that  most  people  are  concerned  with  in  an  NVG  is  the  field-of- 
view  (FOV).  The  FOV  is  the  angular  subtense  of  the  virtual  image  displayed  to  the  wearer.  This 
is  typically  expressed  in  degrees  for  both  the  vertical  and  horizontal  dimensions,  or  for  the 
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diameter  of  the  FOV  if  it  is  circular.  Another  practical  problem  is  the  trade-off  with  resolution 
(image  quality).  The  image  intensifier  has  a  finite  number  of  picture  elements  (pixels).  As  the 
FOV  is  increased  these  pixels  are  spread  over  a  larger  angular  expanse  resulting  in  a  larger 
angular  subtense  per  pixel  which  corresponds  to  a  lower  angular  resolution  to  the  observer. 

(Note:  this  is  an  oversimplification  of  this  trade-off  since  image  quality  is  more  complex  than  the 
concept  of  pixels  implies  but  the  general  direction  of  the  trade-off  is  the  same:  larger  FOV  means 
lower  visual  resolution). 

The  total  NVG  FOV  can  be  made  larger  by  making  the  FOV  of  each  ocular  of  a  binocular 
NVG  partially  overlap  the  other.  The  visual  effects  of  partial  overlap  may  outweigh  the  value  of 
the  extended  horizontal  FOV  if  the  overlap  is  too  little.  At  least  one  study  suggests  that  there  is 
little  performance  difference  between  100%  overlap  and  80%  overlap  for  visual  recognition 
performance  (Landau,  1990)  implying  that  an  80%  overlap  binocular  NVG  may  be  a  good 
compromise  between  the  need  for  larger  FOV  without  impacting  visual  performance. 


Image  Quality 

Image  quality  is  a  complex  subject  that  involves  several  other  parameters  (Task,  1979). 
Probably  the  key  indicator  of  image  quality  is  the  modulation  transfer  function  (MTF)  of  the 
display,  which  describes  how  much  contrast  is  available  as  a  function  of  spatial  frequency 
(detail).  Two  parameters  related  to  the  MTF  are  gray-shades  (contrast)  and  resolution 
(maximum  spatial  frequency  that  can  be  seen  or  "resolved”).  For  simplicity,  the  resolution  of  a 
display  relates  to  the  number  of  pixels.  As  noted  earlier,  the  resolution  tends  to  decrease  as  FOV 
increases  which  implies  that  image  quality  also  decreases  with  increasing  FOV;  another  trade-off 
of  two  desirable  attributes. 

There  are  some  practical  problems  in  measuring  the  resolution  of  the  NVGs.  The  simplest 
approach  to  measuring  resolution  is  to  have  a  trained  observer  look  through  the  NVGs  at  a 
calibrated  test  pattern  under  controlled  lighting  conditions.  However,  the  results  obtained  still 
depend  on  the  visual  capability  of  the  observer  and  on  the  type  of  test  pattern  used.  Probably  the 
most  popular  test  pattern  for  determining  resolution  is  the  USAF  1951  Tri-Bar  resolution  pattern. 
Others  that  have  been  used  include  a  Landolt  "C,"  a  tumbling  "E,"  a  standard  Snellen  chart,  sine- 
wave  gratings  and  more  recently  a  test  pattern  made  up  of  patches  of  square-wave  gratings  of 
different  spatial  frequencies  (US  Pat  No.  4,607,923).  These  different  approaches  yield  somewhat 
different  results. 

It  should  also  be  noted  that  the  resolutions  listed  in  the  previous  tables  were  ail  for  ideal 
lighting  conditions.  As  the  light  level  is  significantly  reduced  the  resolution  of  the  NVGs  drops 
considerably  (20/200  Snellen  acuity  or  lower). 


Exit  Pupil 

Most  NVGs  do  not  have  a  real  exit  pupil  since  they  do  not  use  relay  optics.  The  exit  pupil  is 
the  image  of  the  stop  of  the  optical  system.  An  exit  pupil  is  formed  as  a  result  of  using  relay 
optics  to  produce  an  intermediate  image  plane,  which  is  then  viewed  by  an  eyepiece  lens.  This  is 
in  contrast  Jo  a  simple  magnifier  optical  system  that  uses  a  single  lens  system  (no  intermediate 
image)  and  therefore  does  not  produce  a  real  exit  pupil.  In  a  darkened  room  with  the  NVG 
activated  the  exit  pupil  can  be  observed  by  placing  a  piece  of  white  paper  near  the  designed  eye 
position.  If  the  NVG  forms  a  real  exit  pupil  then  a  circular  spot  of  light  will  be  observed  imaged 
on  the  paper.  As  the  paper  is  moved  closer  to  and  further  away  from  the  optical  system  there  is  a 
point  at  which  the  disc  of  light  has  a  minimum  diameter  with  sharply  defined  edges.  The 
diameter  of  this  disk  of  light  is  the  diameter  of  the  exit  pupil  of  the  system  (Self,  1973). 
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When  the  eye  pupil  is  fully  within  the  exit  pupil  of  the  NVG  then  the  entire  FOV  is  observed; 
if  the  eye  pupil  is  only  partially  in  the  exit  pupil  (and  the  exit  pupil  is  unvignetted)  then  the 
observer  will  still  see  the  entire  FOV  but  it  will  be  reduced  in  brightness.  This  can  be 
particularly  disconcerting  for  NVGs  used  in  high  performance  aircraft  because  the  pilot  may  not 
know  whether  he  is  starting  to  lose  the  exit  pupil  or  if  he  is  starting  to  lose  consciousness  from 
high  acceleration  maneuvers.  Once  the  eye  pupil  is  outside  the  exit  pupil  then  none  of  the  NVG 
FOV  can  be  seen.  It  should  also  be  noted  that  the  NVG  FOV  may  become  vignetted  (lose  part  of 
the  image)  if  the  eye  pupil  is  too  close  to  or  too  far  away  from  the  exit  pupil. 

From  a  visual  capability  standpoint  it  is  important  for  the  exit  pupil  to  be  as  large  as  possible 
to  ensure  the  eye  pupil  will  remain  within  it  to  permit  viewing  of  the  NVG.  However,  large  exit 
pupils  typically  come  only  at  the  expense  of  greater  size  of  optics  and  weight  on  the  head.  In 
addition,  if  the  FOV  is  vety  large  then  the  eye  must  rotate  to  view  the  edge  of  the  display.  Since 
the  eye  rotates  about  a  point  within  the  eye,  the  eye  pupil  moves  within  the  NVG  exit  pupil.  If 
the  NVG  exit  pupil  is  not  large  enough  then  it  is  possible  for  the  entire  display  to  disappear  every 
time  the  observer  tries  to  move  his  eyes  to  view  the  edge  of  the  display.  Exit-pupil-forming 
optical  systems  also  increase  the  difficulty  of  making  accurate  adjustments  for  binocular  or 
biocular  NVGs  in  that  each  eye  pupil  should  be  centered  in  each  exit  pupil  of  the  NVGs. 


Eve  Relief 

The  eye  relief  is  the  distance  from  the  exit  pupil  to  the  nearest  part  of  the  NVG  optical 
system.  If  the  NVG  is  non-pupil-forming  then  the  eye  relief  is  the  distance  from  the  NVG 
optical  system  to  the  furthest  back  position  of  the  eye  where  the  eye  can  still  see  the  entire  FOV 
of  the  NVG. 

As  with  so  many  other  NVG  parameters,  larger  eye  relief  usually  means  larger  and  heavier 
optics.  The  reason  for  having  a  large  eye  relief  is  to  allow  the  use  of  eyeglasses  with  the  NVG 
(Self,  1973;  Task  et  al,  1980). 


Image  Location  (optical  image  distance! 

All  NVGs  produce  a  virtual  image,  which  is  viewed  by  the  observer.  The  virtual  image  is 
produced  at  an  optical  distance  that  depends  on  the  adjustment  of  the  eyepiece  (if  the  NVG  has 
an  adjustable  eyepiece).  For  NVGs  that  do  not  have  an  adjustable  eyepiece  the  virtual  image  is 
typically  adjusted  for  near  infinity.  The  adjustable  eyepiece  was  provided  to  allow  the  wearer  to 
set  his  eyeglass  prescription  (spherical  power)  on  the  eyepiece  so  he  would  not  require 
eyeglasses  to  see  the  NVG  image  clearly. 


Luminance  Level 


The  luminance  of  the  NVG  image  depends  both  on  the  luminance  of  the  image  source  and  the 
transmission  efficiency  of  the  optical  system  (note:  it  does  NOT  depend  on  the  amount  of 
magnification  since  it  produces  a  virtual  image).  For  NVGs  that  use  a  combiner  the  NVG  image 
luminance  level  also  depends  on  the  combiner  (beamsplitter)  reflectance  and  transmittance 
coefficients. 


Binocular  Parameters 
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There  are  several  other  parameters  that  become  important  if  the  NVG  is  binocular.  These 
include  inter-pupillary  distance  (IPD-the  distance  between  the  exit  pupils  of  the  two  oculars), 
image  alignment  between  the  two  oculars,  luminance  balance,  magnification  balance,  and  image 
rotation  balance. 

There  are  several  undesirable  visual  effects  that  may  occur  in  binocular  NVGs.  These  include 
binocular  disparity  (retinal  rivalry)  due  to  luminance  imbalance,  image  misalignment, 
accommodation  differences,  and/or  differential  distortion.  When  binocular  disparity  is 
sufficiently  severe  the  observer  may  see  double  images  or  may  suppress  one  of  the  two  disparate 
images.  A  more  insidious  problem  is  when  the  binocular  disparity  is  not  large  enough  to  cause  a 
loss  of  image  fusion  but  is  enough  to  result  in  "eye  strain"  or  visual  fatigue.  This  can  lead  to 
headache  or  nausea  during  extended  use  but  may  not  show  any  effects  for  short-term  use. 

There  have  been  some  efforts  to  define  the  limits  for  these  types  of  parameters  (Self,  1973 
and  1986;  Landau,  1990). 


Luminance  and  luminance  gain 

In  most  of  the  literature  relating  to  NVGs  these  parameters  are  usually  referred  to  as 
brightness  and  brightness  gain.  However,  since  luminance  is  what  one  measures  and  brightness 
is  the  visual  sensation  that  one  sees  it  is  more  appropriate  to  use  the  terms  luminance  and 
luminance  gain  for  these  parameters. 

Night  vision  goggles  are  essentially  light  amplifiers,  they  cannot  work  in  complete  darkness. 
However,  they  do  have  a  different  spectral  sensitivity  than  the  human  eye,  which  makes  the 
concept  of  luminance  gain  a  little  more  difficult  to  define.  For  example,  the  eye  cannot  see  light 
at  900  nanometers  but  the  NVGs  are  very  sensitive  to  light  in  this  wavelength  range.  Since 
luminance  gain  is  the  ratio  of  output  luminance  to  input  luminance  and  since  luminance  is  only 
defined  for  the  spectral  sensitivity  of  the  eye,  it  is  possible  to  obtain  an  infinite  luminance  gain 
for  a  900  nanometer  input  source  (i.e.  the  luminance  of  any  amount  of  light  at  900  nanometers  is 
zero  since  the  eye  is  not  sensitive  to  this  wavelength  but  this  will  produce  a  non-zero  output 
luminance;  dividing  output  by  the  input  results  in  dividing  by  zero  producing  an  infinite  gain). 
To  overcome  this  problem  it  is  necessary  to  define  a  specific  spectral  distribution  for  the  input 
light  source  that  does  have  a  non-zero  luminance.  A  blackbody  radiator  at  2856K  was  selected 
since  it  is  a  standard  lamp  source  and  has  a  spectrum  that  closely  approximates  night  sky 
illumination.  This  is  the  same  standard  source  that  was  selected  by  the  US  Army  for 
measurement  of  the  image  intensifier  tubes  that  are  contained  within  the  NVGs. 

The  luminance  gain  is  usually  measured  for  a  specific  input  luminance  since  the  gain  can 
change  with  input  level.  The  luminance  output  is  measured  on  axis  at  the  highest  input 
luminance. 


Luminance  uniformity 

Due  to  the  fiber  optics  and  light  fall-off  with  angle  typical  of  lens  systems  the  central  part  of 
the  field-of-view  of  the  NVG  image  is  usually  of  higher  luminance  than  the  edge  of  the  FOV. 
This  is  measured  by  scanning  with  a  photometer  across  the  entire  FOV  to  obtain  a  luminance 
profile  of  the  NVG  image.  Uniformity  can  be  specified  by  comparing  the  luminance  at  the 
center  of  the  FOV  with  the  luminance  at  a  specified  off-axis  angle  (e.g.  18  degrees  off  axis  for 
the  40  degree  FOV  NVG).  The  uniformity  is  then  expressed  as  a  ratio  of  center  luminance  to 
edge  luminance  (e.g.  3:1). 
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Distortion,  image  rotation,  magnification,  and  input/output  optical  axes  alignment 


These  four  parameters  are  grouped  together  because  they  can  be  measured  using  the  same 
basic  set-up  and  data.  The  different  quantities  are  obtained  by  performing  different  analyses  on 
the  data. 

Distortion  is  probably  the  most  difficult  parameter  because  there  are  several  types  of 
distortion  that  the  NVGs  may  incur.  The  optical  system  may  cause  barrel  or  pincushion 
distortion  and  the  fiber  optics  twister  (which  is  in  many  but  not  all  NVG  designs)  may  produce 
shear  effects  or  "S”  distortion.  Of  all  of  these,  the  procedure  herein  described  is  primarily 
directed  at  the  "S"  distortion  although  evidence  of  shear  and  barrel  distortion  may  also  be 
detected.  "S"  distortion  originates  in  the  fiber  optics  plug,  which  is  used  to  invert  the  image  on 
the  image  intensifier.  The  fused  fiber  optics  plug  is  heated  and  twisted  approximately  180 
degrees.  The  "S"  distortion  is  so  named  because  there  is  usually  a  small  amount  of  residual 
effect  due  to  the  twist  that  produces  an  "S"  shaped  curve  for  a  straight-line  input.  The  more  the 
line  departs  from  a  straight  line  the  worse  the  distortion. 

As  noted  above,  the  fiber  optics  plug  is  twisted  through  approximately  180  degrees  but  may 
be  somewhat  more  or  less  than  a  true  180-degree  twist.  Any  departure  from  a  perfect  180  twist 
will  result  in  the  output  image  rotated  compared  to  the  input  image.  This  effect  may  also  be 
enhanced  by  inaccurate  alignment  of  folding  mirrors  in  a  folded  optical  system.  The 
measurement  procedure  herein  described  allows  one  to  measure  the  amount  of  image  rotation. 

Most  NVGs  are  designed  to  have  unity  magnification.  However,  if  there  is  a  mismatch 
between  the  objective  lens  of  the  NVG  and  the  eyepiece  lens  it  is  possible  to  have  a  small 
amount  of  magnification  (or  nullification). 

Since  the  combination  of  objective  lenses,  folding  optics,  image  intensifier  and  eyepiece 
lenses  is  relatively  complex,  it  is  possible  to  have  a  mismatch  between  the  input  optical  axis  and 
the  output  optical  axis.  Thus  objects  that  are  at  a  particular  field  angle  in  reality  may  appear  at  a 
different  field  angle  through  the  NVGs. 

Many  of  these  effects  discussed  are  typically  not  a  significant  problem  by  themselves  or  for  a 
single  ocular.  But  the  combination  of  a  small  amount  of  distortion,  rotation,  magnification 
and/or  misalignment  in  one  ocular  with  a  different  amount  (and  direction)  of  these  effects  in  the 
other  ocular  may  result  in  a  significant  binocular  rivalry  problem. 

A  complete  description  of  the  procedures  for  measuring  these  parameters  is  beyond  the  scope 
of  this  paper  but  can  be  found  in  Task  et  al  (1989). 

Signal-to-Noise  Ratio 

Typically  the  signal-to-noise  ratio  (SNR)  is  not  specified  or  measured  for  the  NVG  as  a  whole 
but  rather  is  specified  as  a  parameter  of  the  image  intensifier  tube  by  itself.  The  SNR  is  a 
measure  of  how  much  scintillation  appears  in  the  NVG.  The  lower  the  SNR  the  noisier  the 
image  looks  and  the  poorer  the  image  appears.  The  details  of  measuring  SNR  are  beyond  the 
scope  of  this  paper;  suffice  to  state  that  in  general,  observed  resolution  is  poorer  for  lower  SNR 
tubes  (Riegler,  et.  ah;  1991). 
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Summary 

A  laboratory  evaluation  was  conducted  on  the  Protective  Integrated  Hood  Mask 
(PIKM)  to  determine  its  compatibility  with  the  Aviator’s  Night  Vision  Imaging  System 
(ANVIS).  PIHM  will  be  used  by  tanker,  transport,  and  bomber  aircrews  for  protection 
in  a  chemical  environment.  ANVI3  is  a  night  vision  goggle  currently  used  by  these  same 
aircrews  to  aid  in  visual  performance  during  night  missions. 

Parameters  which  were  evaluated  included:  visual  acuity,  intensified  field  of  view,  distor¬ 
tion  of  PIHM  visor,  and  transmissivity  of  PIHM  visor.  For  the  tests  of  visual  acuity  and 
intensified  field  of  view,  the  approach  was  to  evaluate  visual  performance  through  ANVIS 
alone,  and  compare  it  to  performance  with  PIHM/ ANVIS.  Distortion  and  transmissivity 
of  the  PIHM  visor  were  evaluated  by  comparing  the  measurement  data  to  a  standard  Air 
Force  clear  visor. 

The  results  for  the  visual  acuity  and  intensified  field  of  view  tests  indicated  no  significant 
reduction  in  visual  performance  when  the  PIHM  was  donned.  Likewise,  data  obtained  from 
distortion  and  transmissivity  tests  showed  no  significant  differences  from  the  standard  clear 
visor. 

As  a  result  of  this  evaluation,  it  became  evident  that  proper  training  procedures  for 
donning  the  PIHM  with  ANVIS  need  to  be  developed  and  adopted.  Optimal  visual  perfor¬ 
mance  was  primarily  achieved  because  the  subjects  who  participated  in  the  evaluation  had 
assistance  in  donning  the  equipment  from  a  life  support  specialist.  This  specialist  ensured 
exact  fit  of  the  PIHM  and  proper  alignment  of  ANVIS.  It  is  possible  that  reductions  in 
visual  performance  will  occur  if  proper  PIHM/ANVIS  fit  is  not  achieved. 
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Introduction 


The  Aircrew  Eye  Respiratory  Protection  System  (AERPS)  is  designed  to  protect 
USAF  aircrew  members  in  a  potential  or  known  chemical  environment  without  imposing 
physiological  burdens  or  degrading  mission  capability.  The  Protective  Integrated  Hood 
Mask  (PIHM)  is  the  candidate  subsystem  of  AERPS  for  use  by  aircrew  members  of  tanker, 
transport,  and  bomber  aircraft.  The  PIHM  is  designed  to  be  worn  under  a  standard  HGU- 
55/P  flight  helmet. 

Prior  to  C-130E  flight  testing,  the  Life  Support  Special  Program  Office,  HSD/YAG, 
requested  AAMRL/HEF  to  evaluate  potential  compatibility  constraints  that  may  result 
from  wearing  the  Aviator's  Night  Vision  Imaging  System  (ANVIS)  with  the  PIHM.  While 
wearing  the  PIHM,  ANVIS  is  mounted  to  the  helmet  using  a  special  bracket  that  allow  the 
night  vision  goggles  (NVGs)  to  be  positioned  just  in  front  of  the  PIHM  visor.  The  mounting 
bracket  used  was  designed  by  the  Special  Mission  Operational  Test  and  Evaluation  Center 
(SMOTEC)  for  pilots  of  special  operations  aircraft.  Integration  of  the  PIHM  with  ANVIS 
results  in  the  PIHM  visor  being  located  between  the  users  eye  and  the  ANVIS  objective 
lens. 

Since  there  are  normally  no  obstructions  between  the  user's  eye  and  the  ANVIS  objective 
lens,  the  integration  of  the  PIHM  with  the  ANVIS  could  limit  aircrew  visual  capabilities 
during  NVG  missions*  The  specific  concerns  raised  by  HSD/YAG  Included:  reductions  in 
the  ANVIS  intensified  field  of  view  (FOV),  loss  of  visual  acuity,  cockpit  lighting  interference 
produced  by  glare  from  the  visor,  anthropometric  fit  of  the  PIHM/ ANVIS  combination  and 
the  distortion  and  transmissivity  of  the  PIHM  visor. 

The  AAMRL  Night  Vision  Operations  (NVO)  laboratory,  in  support  of  the  AERPS 
evaluation,  conducted  both  on-site  and  laboratory  testing  to  assess  these  compatibility 
issues.  The  on-site  evaluation  was  completed  at  Pope  AFB  NC  using  qualified  C-130E 
pilots  to  examine  the  PIHM/ ANVIS  intensified  FOV,  cockpit  lighting  compatibility,  and 
a  limited  anthropometric  evaluation.  The  on-site  evaluation  demonstrated  no  significant 
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compatibility  problems  with  the  PIHM/ANVIS  combination  in  any  of  the  areas  examined. 
The  complete  results  of  the  on-site  evaluation  are  described  in  a  separate  AAMRL  technical 
report  [1]. 

The  purpose  of  the  laboratory  evaluation  described  in  this  report  was  to  assess  the  visual 
acuity  through  the  PIHM/ANVIS  combination  and  provide  intensified  FOV  measurements 
for  a  wider  range  of  PIHM  sizes.  In  addition,  distortion  and  transmissivity  of  the  PIHM 
visor  were  measured.  This  report  describes  the  results  obtained  in  the  AAMRL  NVO 
laboratory  evaluation  and  in  conjunction  with  the  AAMRL  field  study  cited  above,  provides 
recommendations  for  optimal  performance  of  the  PIHM/ANVIS  integrated  system. 


Method 


2.1  Visual  Acuity 

Subjects 

Visual  acuity  through  the  ANVT3,  both  with  and  without  the  PIHM,  was  measured 
for  five  males  and  one  female  ranging  in  age  from  21  to  45  years.  All  subjects  had  Snellen 
visual  acuity  of  at  least  20/20,  corrected  or  uncorrected. 

Apparatus  and  Stimuli 

Each  subject  was  individually  tested  in  the  AAMRL  zoom  lane  facility.  The  zoom 
lane  consists  of  a  computer  controlled,  motorized  cart  on  a  40  foot  track.  Landolt  C  acuity 
charts  having  modulation  contrasts  of  20%  and  90%  were  used.  The  acuity  charts  consisted 
of  three  to  five  Cs  having  one  of  four  orientations  (right,  left,  up,  and  down)  and  mounted  on 
a  white  foam  core  background.  The  subject’s  view  of  the  acuity  charts  is  displayed  in  Figure 
2.1.  A  moonlight  simulator  which  approximated  quarter  moon  and  starlight  illumination 
levels  was  used  to  illuminate  the  chart.  The  simulator  was  mounted  on  a  tripod  which  was 
adjusted  to  provide  calibrated  illumination  on  the  surface  of  the  acuity  charts. 

Acuity  target  sizes  (in  Snellen  notation)  ranged  from  20/32  to  20/71  in  increments 
of  n  for  the  quarter  moon  illumination  level,  and  20/80  to  20/300  (also  in  increments 
of  #2)  for  the  starlight  illumination  level.  The  results  of  a  pilot  study  conducted  prior 
to  the  evaluation  were  used  to  determine  the  acuity  size  ranges  for  each  illumination  and 
contrast  level.  A  pair  of  AN  VIS  third  generation  NVGs  were  mounted  with  velcro  strips 
to  a  HGU-55/P  helmet  using  the  same  mounting  bracket  used  at  Pope  AFB.  Medium  and 
large  helmets  were  used  for  the  subjects  tested. 


547 


Figure  2.1:  Subject’s  View  of  Landolt  C  Acuity  Chart 


Procedure 

Each  subject  was  seated  in  the  motorized  cart  so  that  the  distance  from  the  NVG 
objective  lens  to  the  acuity  chart  was  30  feet.  The  cart  was  moved  to  a  distance  of  12  feet 
for  the  low  contrast  condition  at  the  starlight  illumination  level.  The  cart  was  stationary 
during  each  test  sequence.  Visual  acuity  was  measured  for  each  subject  while  wearing  the 
ANVIS  without  the  P1HM  first  (baseline).  The  subject  then  donned  the  PIHM/ANVIS 
combination  and  repeated  the  procedure  under  a  new  chart  presentation  order. 

Each  subject  viewed  23  charts  for  both  the  baseline  and  PIHM  conditions.  Subjects 
were  required  to  determine  the  orientation  of  the  Cs  contained  on  each  chart  in  succession, 
reading  from  left  to  right.  If  the  experimenter  was  unable  to  hear  any  response,  the  subject 
was  asked  to  read  the  entire  chart  again.  Acuity  measurements  were  obtained  for  20  and 
90  percent  contrast  targets  at  both  quarter  moon  (.00589  ft-L.)  and  starlight  (.00024  fl-L.) 
illumination  levels. 


2.2  Intensified  Field  of  View  (FOV)  Measurements 

Subjects 

Horizontal  and  vertical  intensified  FOVs  were  measured  for  seven  males  and  one  female 

ranging  in  age  from  21  to  45  years.  Four  subjects  were  USAF  personnel  from  the  WPAFB 
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Figure  2.2:  Visual  Field  Used  to  Measure  PIHM/ ANVIS  Horizontal  and  Vertical  Intensified 
FOV 

Physiological  Medical  Training  Division  who  were  tested  with  their  own  custom  fit  HGU- 
55/P  helmet.  The  remaining  subjects  wore  HGU-55/P  helmets  without  custom  fit  liners. 
All  subjects  received  assistance  in  donning  the  PIHM  and  adjusting  the  ANVIS  from  the 
same  life  support  specialist  who  supported  the  on-site  evaluation  and  the  two  experimenters. 

Procedure 

Intensified  FOVs  were  measured  for  each  subject  using  a  5  foot  square  field  marked 
off  on  a  white  projection  screen  (see  Figure  2.2).  A  small  light  emitting  diode  (LED)  was 
positioned  in  the  center  of  the  field  to  serve  as  a  fixation  point.  Subjects  were  seated  so 
that  the  ANVTS  objective  lens  was  at  a  distance  of  6  feet  from  the  center  of  the  visual  field. 
A  second  LED  was  moved  across  the  horizontal  and  vertical  scale  by  the  experimenter. 
The  subject  called  out  when  the  LED  was  “just  visible*  at  the  edge  of  the  intensified  NVG 
image.  Two  measurements  were  recorded  for  each  viewing  condition.  Both  the  right  and 
left  monocular  FOVs  were  measured  as  well  as  the  FOV  for  binocular  viewing.  Baseline 
FOV  measurements  (HGU-55/P  +  ANVIS)  were  recorded  for  each  subject  prior  to  donning 
t&e  PIHM.  This  was  done  to  ensure  that  each  subject  was  able  to  attain  a  full  40  degree 
intensified  field  of  view  based  upon  helmet  fit.  After  a  40  degree  field  was  obtained,  the 
subject  donned  the  PIHM /ANVIS  combination  and  the  FOV  measurement  was  repeated. 
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Figure  2.3:  Apparatus  Used  for  Measuring  Angular  Deviation  Through  PIHM  Visors 

2.3  Distortion  and  Transmissivity  of  PIHM  Visor 

Distortion 

The  angular  deviation  of  three  PIHM  visors  was  measured  using  a  UDT  two  axis 
detector  and  a  helium  neon  (HeNe)  laser,  (see  Fig  2.3).  The  amount  of  error  in  milliradians 
was  recorded  from  -15°to  +15°in  azimuth  (in  5°increments)  at  elevations  of  +  /-  10,  20, 
30,  40  and  0  degrees.  The  error  recorded  from  the  left  eye  was  subtracted  from  the  error 
recorded  for  the  right  eye  to  determine  the  angular  deviation  between  the  two  eyes  at  each 
position.  The  eye  convergence  and  divergence  data  (+  and  -  horizontal  deviation)  were  then 
plotted  as  a  function  of  elevation  for  each  mask.  Likewise,  plots  were  made  of  dipvergence 
(deviation  in  vertical  axis)  in  milliradians  as  a  function  of  azimuth  angle  for  the  elevations 
listed  above.  These  plots  are  included  in  Appendix  5.1.  Distortion  was  further  assessed  by 
taking  photographs  through  each  visor  of  a  large  grid  board  positioned  ten  feet  in  front  of 
the  camera.  These  photographs  were  examined  for  distortion. 

Transmissivity 

Transmissivity  is  the  ratio  of  the  light  exiting  a  transparent  material  to  the  light  that 
was  incident  on  it.  Photopic  transmissivity  is  dependent  upon  the  spectral  transmissivity 
of  the  PIHM  visor,  the  CIE  1931  photopic  response  of  the  human  visual  system,  and 
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the  spectral  distribution  of  the  object  viewed,  A  neutral  material  will  have  the  same 
transmission  characteristics  regardless  of  the  object  viewed.  The  spectral  transmission  of 
three  PIHM  visors  was  measured  for  wavelengths  of  380-760  nm  using  a  Photo  Research 
1980B  spectral  scanning  radiometer.  In  addition,  the  spectral  transmission  of  several  objects 
(both  natural  and  man-made)  was  measured.  Using  the  equation  below,  the  photopic 
transmissivities  of  these  objects  were  calculated.  The  results  of  these  calculations  were 
compared  to  a  standard  AF  clear  visor  (which  is  a  fairly  neutral  material)  to  determine  if 
visibility  through  the  PIHM  visor  was  significantly  different, 

T  jSTixSxxVxdX 
I™SxxVxi\ 

where:  T  =  photopic  transmissivity 
T\  =  spectral  transmissivity  of  the  visor 
Va  =  CIE  1931  photopic  sensitivity  curve 
S\  =  spectral  distribution  of  the  object  viewed 
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Results 


3.1  Visual  Acuity 

Visual  acuity  measurements  obtained  for  ANVTS  and  the  PfflM/ANVIS  viewing  conditions 
are  listed  in  Table  3.1  for  quarter  moon  illumination  and  in  Table  3.2  for  starlight  illumination, 
respectively.  The  values  in  Tables  3.1  and  3.2  represent  the  Snellen  fraction  (20/value)  for 
which  at  least  75%  accuracy  was  achieved.  The  percent  change  in  visual  acuity  calculated 
from  the  Snellen  decimal  resulting  from  ANVIS/PIHM  viewing  is  listed  in  Table  3.3  for 
each  subject  as  a  function  of  illumination  level  and  acuity  target  contrast. 

The  results  showed  that  slight  reductions  in  visual  acuity  occurred  only  at  the  quarter 
moon  illumination  level,  averaging  across  subjects.  Inspection  of  Table  3.1  reveals  that 
this  reduction  is  mostly  attributable  to  subject  four.  All  other  subjects  displayed  little 
or  no  change  from  baseline  levels.  No  visual  acuity  loss  was  measured  at  the  starlight 
illumination  level,  when  averaging  across  subjects.  The  differences  in  visual  acuity  between 

baseline  ANVTS  and  PIHM/ ANVTS  were  not  statistically  significant  for  either  illumination 
level. 


3.2  Intensified  Field  of  View 

The  degrees  of  visual  angle  measured  to  the  right  and  left  of  the  center  fixation  point 
were  summed  to  obtain  the  full  horizontal  field  of  view  for  each  viewing  condition.  The 
vertical  field  of  view  was  obtained  by  adding  the  degrees  of  visual  angle  measured  above  and 
below  the  fixation  point.  The  monocular  and  binocular  intensified  fields  of  view  measured 
for  the  PIHM/ANVTS  combination  are  listed  in  Table  3.4. 

The  average  horizontal  FOVs  for  the  right,  left,  and  binocular  viewing  were  36,  36,  and 
38  degrees,  respectively.  Thus  viewing  through  the  PIHM/ANVIS  combination  resulted  in 
a  10  percent  horizontal  FOV  loss  for  each  eye  indvidually  and  a  5  percent  loss  for  viewing 
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Table  3.1:  Visual  Acuity  (20/  )  for  Baseline  and  PIHM/ANVIS  Viewing  Conditions  at 
Quarter  Moon  Illumination  for  20%  and  90%  Contrast  Landolt  Cs 


QUARTER  MOON 

20%  CONTRAST 

90%  CONTRAST 

SUB. 

BASE 

PIHM 

BASE 

PIHM 

1 

20/57 

20/57 

20/40 

20/36 

2 

71 

71 

50 

57 

3 

40 

40 

32 

32 

4 

45 

71 

36 

45 

5 

40 

40 

36 

36 

6 

45 

40 

32 

32 

AVG 

50 

53 

n  38 

40 

Table  3.2:  Visual  Acuity  (20/  )  for  Baseline  and  PIHM/ANVIS  Viewing  Conditions  at 
Starlight  Illumination  for  20%  and  90%  Contrast  Landolt  Cs 


STARLIGHT  1 

20%  CONTRAST 

90%  CONTRAST 

SUB. 

BASE 

PIHM 

BASE 

PIHM 

1 

20/225 

20/225 

20/100 

20/100 

2 

225 

250 

100 

in 

3 

225 

250 

91 

100 

4 

225 

225 

91 

91 

5 

225 

200 

80 

80 

6 

250 

225 

111 

80 

AVG 

229 

229 

96 

94 
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Table  3.3:  Percent  (%)  Change  in  Decimal  Visual  Acuity  Prom  Baseline  to  ANVIS/PIHM 
Viewing  for  20%  and  90%  Contrast  Landolt  Cs 


QUARTER  MOON 

STARLIGHT 

SUB 

20% 

90% 

20% 

90% 

1 

0% 

10% 

0% 

0% 

2 

0 

-14 

-11.1 

-11.0 

3 

0 

0 

-11.1 

r.9.9 

4 

-  57.8 

-25 

0 

0 

5 

0 

0 

11.1 

0 

6 

11.1 

0 

10 

27.9 

AVG. 

-7.8 

-4.8 

.2 

1.2 

Table  3.4:  Horizontal  and  Vertical  Intensified  Field  of  View  (in  degrees)  for  PIHM/ANVIS 
Viewing. 


HORIZONTAL 

VERTICAL 

SUB 

NO. 

PIHM 

SIZE 

MONOC. 

RT. 

MONOC. 

LT. 

BINOC. 

MONOC. 

RT. 

MONOC. 

LT. 

BINOC. 

1 

SMALL 

34° 

CO 

OO 

o 

38° 

40° 

38° 

38° 

2 

SMALL 

39 

37 

37 

38 

39 

38 

3 

MED 

35 

31 

34 

33 

40 

39 

4 

MED 

35 

38 

40 

36 

35 

37 

5 

Targe 

34 

40 

38 

26* 

37 

6 

LARGE 

37 

39 

39 

40 

39 

7 

LARGE 

38 

39 

38 

36 

37 

36 

8 

LARGE 

32 

35 

37 

32 

33 

34 

AVG. 

36  36 

38  37 

36 

37 

*  Proper  positioning  of  the  oculars  could  not  be  achieved  for  this  subject. 
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with  both  eyes.  The  average  vertical  fields  of  view  measured  for  right,  left,  and  both  eyes 
respectively  were  37,  36,  and  37  degrees,  which  represented  reductions  from  baseline  of  7  to 
10  percent. 

* 

3.3  Distortion  and  Transmissivity 

Distortion 

Differences  in  angular  deviation  (in  milliradians)  between  the  right  and  left  eye  positions 
were  calculated  to  determine  binocular  convergence,  divergence,  and  dipvergence  as  a 
function  of  azimuth  angle  for  each  visor.  Examination  of  the  data  obtained  for  each  mask 
showed  that  the  angular  deviation  between  the  two  eye  postions  was  within  acceptable  limits 
for  eye  convergence  and  dipvergence.  It  should  be  noted  that  no  divergence  occurred  for 
any  of  the  PIHM  visors.  Plots  of  eye  convergence  and  dipvergence  are  shown  in  Appendix 
5.1.  In  addition,  no  distortion  was  observed  in  the  photographs  taken  of  the  grid  board 
through  each  visor. 
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Transmissivity 

The  photopic  transmissivities  which  were  calculated  for  several  exterior  scene  objects 
as  seen  through  the  PIHM  visors  and  clear  visor  are  listed  respectively  in  Table  3.4. 
Examination  of  the  data  shows  that  transmission  of  the  PIHM  visors  varied  from  88-90%. 
The  transmission  of  the  clear  visor  was  96%.  The  difference  in  transmission  between  the 
clear  visor  and  PIHM  visors  can  be  considered  negligible. 


Table  3.5:  Photopic  transmission  (%)  calculated  for  three  PIHM  visors  sizes  with  respect 
to  exterior  scene  objects 


OBJECT 

PIHM  VISOR  SIZE 

CLEAR  AF  VISOR 

SMALL 

MEDIUM 

LARGE 

Trees  on  Hill 

90.1% 

90.2% 

88.2% 

95.9% 

Grass  on  Hill 

90.1 

90.3 

88.3 

95.9 

Pavement 

90.1 

90.3 

86.6 

95.9 

Blue  sky 

90.1 

90.2 

88.3 

95.9 

Horizon  haze 

90.1 

90.2 

88.3 

95.9 

Gravel  on  rooftop 

90.1 

94.0 

88.3 

95.9 

Grass  field 

90.1 

90.2 

88.3 

95.9 

Cream  building 

90.3 

88.3 

95.9 

Red  brick  building 

■3 

90.3 

88.3 

95.9 

Dark  brown  roof 

90.2 

90.3 

88.3 

95.9 
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Conclusions  and 
Recommendations 


The  laboratory  evaluation  described  in  this  report  examined  the  compatibility  of  ANVTS 
NVGs  with  the  PIHM  system.  Both  the  data  and  observations  indicated  that  the  integration 
of  AN  VIS  with  the  PIHM  did  not  result  in  any  significant  compatibility  problems.  However, 
the  results  demonstrated  the  importance  of  following  proper  PIHM  donning  procedures 
and  careful  adjustment  of  the  ANVIS  to  ensure  optimal  performance.  The  conclusions  and 
recommendations  drawn  from  each  test  objective  are  described  separately  in  the  following 
paragraphs. 

4.1  Visual  Acuity 

The  results  of  the  visual  acuity  assessment  revealed  no  significant  reduction  in  visual 
acuity  when  wearing  the  ANVIS /PIHM  combination.  If  a  proper  system  fit  is  achieved, 
no  acuity  reductions  from  normal  ANVIS  viewing  should  be  expected  when  wearing  the 
PIHM/AN  VIS  combination.  It  is  recommended  that  careful  attention  is  given  to  refocussing 
the  ANVIS  after  donning  the  PIHM  to  ensure  optimal  acuity. 

4*2  Intensified  Field  of  View 

The  PIHM/ ANVIS  combination  resulted  in  small  reductions  in  the  horizontal  and 
vertical  intensified  fields  of  view.  The  average  reduction  from  the  40  degree  optimal  FOV 
ranged  between  2  and  4  degrees  for  both  the  on-site  and  AAMRL  lab  evaluation.  This 
rather  insignificant  effect  on  the  intensified  FOV  was  attributable  to  the  careful  attention 
given  to  proper  donning  and  adjustment  of  the  PIHM/ ANVIS  combination.  Each  subject 
received  assistance  in  donning  the  PIHM  and  adjusting  the  ANVIS  mount  from  life  support 
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specialists  prior  to  testing  to  ensure  that  the  NVG  oculars  were  centered  over  each  eye 
and  as  close  to  the  visor  as  possible.  Without  careful  adjustment  or  proper  fit,  the 
PIHM/ANVIS  combination  could  potentially  reduce  intensified  field  of  view  significantly. 
Improper  adjustment  or  alignment  of  the  NVG  oculars  under  normal  use  could  be  magnified 
by  the  PIHM/ANVIS  combination  unless  assistance  is  provided  when  donning  the  equipment. 
Therefore,  it  is  recommended  that  proper  training  procedures  are  developed  for  donning 
the  PIHM/ANVIS. 

Training  procedures  developed  for  PIHM/ANVIS  missions  should  emphasize  PIHM 
system  fit  as  well  as  proper  ANVTS  adjustment.  The  mounting  bracket  should  allow  the 
NVG  oculars  to  be  positioned  directly  in  front  of  the  eyes  and  level  with  the  line  of  sight. 
The  vertical  adjustment  range  of  the  mounting  bracket  may  have  to  be  increased  to  ensure 
proper  positioning.  The  NVGs  should  also  be  positioned  as  close  to  the  visor  as  possible 
without  damaging  the  visor.  Optimal  field  of  view  will  be  achieved  with  the  oculars  just 
touching  the  visor.  Mole  skin  padding  could  be  placed  around  the  eyepiece  (inner)  lens  to 
eliminate  the  risk  of  scratching  the  PIHM  visor. 


4.3  Distortion  and  Transmissivity 

The  data  obtained  for  the  angular  deviation  measurements  and  visor  distortion  evaluation 
were  within  acceptable  limits  for  PIHM/ANVIS  use.  The  transmissivity  calculations  resulted 
in  values  similar  to  those  obtained  for  the  clear  visor  which  has  already  been  adopted  by 
the  Air  Force  for  flight  use. 
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Appendix 


5.1  Eye  Convergence  and  Dipvergence  for  PIHM  Visors 
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Figure  5.4:  Small  PIHM  Visor  Dipvergence  as  a  Function  of  Azimuth  for  Positive  Elevation 
Angles 
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Figure  5.7:  Medium  PIHM  Visor  Divergence  as  a  Function  of  Azimuth  for  Negative 
Elevation  Angles 


Figure  5.8:  Medium  PIHM  Visor  Dipvergence  as  a  Function  of  Azimuth  for  Positive 
Elevation  Angles 
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Figure  5.10:  Large  PIHM  Visor  Convergence  as  a  Function  of  Azimuth  for  Positive  Elevation 
Angles 
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Figure  5.11:  Large  PIHM  Visor  Dipvergence  as  a  Function  of  Azimuth  for  Negative 
Elevation  Angles 
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Figure  5.12:  Large  PIHM  Visor  Dipvergence  as  a  Function  of  Azimuth  for  Positive  Elevation 
Angles 
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Summary 


A  field  evaluation  was  conducted  on  the  Protective  Integrated  Hood  Mask  (PIHM) 
to  determine  its  compatibility  with  the  Aviator’s  Night  Vision  Imaging  System  (ANVIS). 
PIHM  will  be  used  by  tanker,  transport,  and  bomber  aircrews  for  protection  in  a  chemical 
environment*  ANVIS  is  a  night  vision  goggle  currently  used  by  these  same  aircrews  to  aid 
in  visual  performance  during  night  missions.  The  evaluation  was  conducted  at  Pope  AFB, 

NC  using  qualified  C-130E  aircrew  with  ANVIS  experience. 

Parameters  which  were  evaluated  include:  intensified  field  of  view,  cockpit  lighting 
interference,  and  subjective  and  photographic  assessments  of  fit.  The  approach  for  the 
evaluation  was  to  compare  visual  performance  with  PIHM/ AN  VIS  to  performance  through 
ANVIS  alone.  The  fit  assessments  were  completed  to  allow  users  the  opportunity  to 
comment  on  fit,  and  to  document  specific  fit  problems. 

The  results  for  the  intensified  field  of  view  test  showed  no  significant  reduction  in  field  of 
view  when  the  PIHM  was  donned.  No  cockpit  lighting  interference  was  found  when  viewing 
underneath  ANVIS  through  the  PIHM  visor,  and  viewing  through  the  PIHM/ AN  VIS 
combination.  All  subjects  reported  no  major  fit  problems  when  using  PIHM/ AN  VIS,  with 
the  exception  of  some  restricted  head  mobility  when  PIHM  was  employed* 

As  a  result  of  this  evaluation,  it  became  evident  that  proper  training  procedures  for 
donning  the  PIHM  with  ANVIS  need  to  be  developed  and  adopted.  Optimal  visual  performance 
was  primarily  achieved  because  the  subjects  who  participated  in  the  evaluation  had  assistance 
in  donning  the  equipment  from  a  life  support  specialist.  This  specialist  ensured  exact 
fit  of  the  PIHM  and  proper  alignment  of  ANVIS.  It  is  possible  that  reductions  in  visual 
performance  will  occur  if  proper  PIHM/ ANVIS  fit  is  not  achieved. 
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Introduction 


The  Aircrew  Eye  Respiratory  Protection  System  (AERPS)  is  designed  to  protect 
USAF  aircrew  members  in  a  potential  or  known  chemical  environment  without  imposing 
physiological  burdens  or  degrading  mission  capability.  The  Protective  Integrated  Hood 
Mask  (PIHM)  is  the  candidate  subsystem  of  AERPS  for  use  by  aircrew  members  of  tanker, 
transport,  and  bomber  aircraft.  The  PIHM  is  designed  to  be  worn  under  a  standard  HGU- 
55/P  flight  helmet. 

Prior  to  C-130E  flight  testing,  the  Life  Support  SPO  (HSD /YAG)  requested  AAMRL/HE 
to  evaluate  potential  compatibility  problems  that  may  result  from  wearing  the  Aviator’s 
Night  Vision  Imaging  System  (ANVIS)  with  the  PIHM  (see  Figure  1).  While  wearing  the 
PIHM,  ANVTS  is  mounted  to  the  helmet  using  a  special  bracket  that  allows  the  night  vision 
goggles  (NVGs)  to  be  positioned  just  in  front  of  the  PIHM  visor.  The  mounting  bracket  used 
was  designed  by  the  Special  Mission  Operational  Test  and  Evaluation  Center  (SMOTEC) 
for  pilots  of  special  operations  aircraft.  Integration  of  the  PIHM  with  ANVIS  results  in  the 
PIHM  visor  being  located  between  the  user’s  eye  and  the  ANVIS  objective  lens.  Since  there 
are  normally  no  obstructions  between  the  eye  and  ANVIS,  integration  of  the  PIHM  with 
ANVIS  could  result  in  visual  limitations  during  NVG  missions.  Specific  concerns  raised  by 
HSD/YAG  included:  reductions  in  ANVIS  intensified  field  of  view,  loss  of  visual  acuity, 
cockpit  lighting  interference  produced  by  glare  from  the  visor,  PIHM/ANVIS  combination 
fit,  and  distortion  and  transmissivity  of  the  PIHM  visor. 

The  AAMRL  Night  Vision  Operations  (NVO)  Laboratory,  in  support  of  the  AERPS 
evaluation,  conducted  both  on-site  and  laboratory  testing  to  assess  these  compatibility 
issues.  The  on-site  evaluation  was  completed  at  Pope  AFB  NC  using  qualified  C-130E 
pilots  to  examine  the  PIHM/ANVIS  intensified  field  of  view,  cockpit  lighting  compatibility, 
and  PIHM/ANVIS  fit.  The  results  of  the  laboratory  evaluation  are  described  in  a  separate 
AAMRL  technical  report  [1], 
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Figure  1.1:  PIHM/ANVIS  Combination 
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Method 


2.1  Subjects 

Two  C-130E  pilots  and  three  C-130E  navigators  participated  in  the  evaluation.  All 
subjects  had  a  minimum  of  100  hours  of  NVG  flight  experience.  Each  subject  was  fitted 
with  a  HGU-55/P  helmet  and  the  proper  PIHM  prior  to  the  evaluation.  Three  subjects 
wore  a  medium  PIHM  and  two  wore  a  large  PIHM.  Life  support  specialists  from  Eglin  AFB 
assisted  each  subject  in  donning  the  PIHM  and  achieving  a  proper  fit. 

2.2  Apparatus 

The  evaluation  was  conducted  in  a  darkened  hangar  at  Pope  AFB  after  dusk.  Natural 
lighting  conditions  approximated  a  quarter  moon  illumination  level,  thus  requiring  no 
additional  lighting  during  the  evaluation.  Intensified  field  of  view  measurements  were 
obtained  for  each  subject  using  a  5  ft.  square  visual  field  (see  Figure  2.1).  A  light  emitting 
diode  (LED)  positioned  in  the  center  of  the  field  was  used  as  a  fixation  point.  A  second 
LED  which  moved  along  a  vertical  and  horizontal  scale,  was  used  to  measure  the  vertical 
and  horizontal  intensified  fields  of  view.  The  crewstation  of  a  C-130E  (shown  in  Figure  2.2) 
was  used  for  the  cockpit  lighting  interference  evaluation. 

2.3  Procedures 

Intensified  Field  Of  View  (FOV)  Measurements 

Measurements  of  the  horizontal  and  vertical  intensified  FOV  were  performed  on  each 
subject  wearing  the  HGU-55/P  helmet  and  the  ANVIS.  A  baseline  measurement  without  the 
PIHM  was  recorded  first,  followed  by  a  measurement  with  the  PIHM/ ANVIS  combination. 
Subjects  were  seated  so  that  the  ANVIS  oculars  were  at  a  distance  of  6  ft.  from  the  LED 
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fixation  point.  Subjects  were  positioned  in  a  chin  rest  to  restrict  head  movement  during 
the  measurements.  After  adjusting  the  NVGs,  the  subject  was  instructed  to  close  one  eye 
and  fixate  on  the  center  LED.  The  experimenter  then  moved  a  second  LED  inward  along  a 
vertical  or  horizontal  scale  beginning  at  a  22  degree  FOV.  The  subject  indicated  when  the 
LED  was  just  visible  at  the  edge  of  the  intensified  field.  This  procedure  was  repeated  twice 
for  each  eye  in  both  the  vertical  and  horizontal  dimensions.  The  average  of  the  two  left  and 
right  side  measurements  was  added  together  to  obtain  the  total  FOV  for  each  eye.  After 
baseline  FOV  was  measured,  the  subject  donned  his  prefitted  PIHM/ANVIS  combination 
with  the  assistance  of  the  life  support  specialists.  The  FOV  for  the  PIHM/ANVIS  combination 
was  then  measured  following  the  same  procedure. 

Cockpit  Lighting  Interference 

Cockpit  lighting  interference  was  evaluated  for  two  different  viewing  modes:  1)  viewing 
through  the  PIHM/ ANVIS  combination  and  2)  viewing  through  the  PIHM  visor  but  underneath 
the  NVGs.  Subjects  performed  the  cockpit  lighting  evaluation  seated  at  the  pilot’s  station 
of  the  C-130E  cockpit.  The  subject  was  asked  to  set  cockpit  lighting  at  a  comfortable 
NVG  mission  level.  He  then  viewed  an  acuity  diart  positioned  at  eye  level  20  ft.  from 
the  windscreen  and  indicated  any  reflections  that  were  present.  The  sources  causing  the 
reflections  were  documented.  Subjects  then  viewed  the  crewstation  through  the  PIHM  but 
underneath  the  NVGs  and  noted  any  reflections.  If  no  interferences  were  noted,  the  test 
was  terminated. 

Photographic  Evaluation  of  PIHM/ANVIS  Anthropometric  Fit 

Front  and  side  view  photographs  were  taken  of  each  subject  wearing  the  ANVIS  both 
with  and  without  the  PIHM.  The  photographs  were  used  as  documentation  to  assess  any 
specific  fit  problems  with  the  PIHM/ANVIS  combination. 

Evaluation  of  the  PIHM/ANVIS  Anthropometric  Fit  and  Visibility 

A  questionnaire  which  addressed  the  PIHM/ANVIS  fit  and  visibility  was  administered 
to  each  subject  at  the  conclusion  of  the  tests  outlined  above.  The  questionnaire  is  included 
in  Appendix  5.1. 
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Results 


3.1  Intensified  Field  of  View  Measurements 

Tables  3.1  -  3.3  summarize  the  results  of  the  intensified  FOV  measurements  for  each 
subject.  Both  horizontal  and  vertical  FOVs  are  expressed  in  degrees  of  visual  angle  for  the 
right  and  left  eye  positions,  respectively.  When  averaging  the  measurements  obtained  for 
each  eye,  the  horizontal  and  vertical  FOVs  measured  for  baseline  were  38.8  and  38.1  degrees, 
respectively.  The  average  horizontal  and  vertical  FOVs  measured  for  the  PIHM/ANVIS 
combination  were  36.2  and  36  degrees.  Thus,  the  PIHM  resulted  in  an  average  horizontal 
FOV  loss  of  2.6  degrees  or  6.7  percent  of  baseline.  The  vertical  FOV  was  reduced  by  7 
percent  of  baseline. 

The  ANVTS  are  designed  to  allow  a  40  degree  horizontal  and  vertical  intensified  FOV. 
Baseline  measures  were  probably  slightly  less  than  40  degrees  because  of  individual  differences 
in  ANVIS  adjustment  and/or  fit.  It  should  be  noted  that  each  subject  donned  and  adjusted 
his  ANVIS  without  any  assistance  prior  to  the  baseline  measurements.  Subjects  were 
assisted  when  donning  the  PIHM/ANVIS  combination  and  careful  attention  was  given  to 
proper  adjustment. 


3.2  Cockpit  Lighting  Interference 

The  results  from  the  qualitative  assessment  of  cockpit  lighting  interference  indicated  no 
problems  for  viewing  through  PIHM/ANVIS  or  through  the  PIHM  and  under  the  ANVIS. 
One  subject  reported  reflections  upon  entering  the  crewstation  when  the  lights  were  turned 
up.  However,  these  reflections  were  no  longer  present  when  cockpit  lighting  was  set  to 
normal  night  mission  levels.  In  addition,  no  lighting  interference  was  produced  when 
subjects  moved  their  heads  side  to  side  while  looking  around  the  cockpit. 
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Table  8.1:  Baseline  (no  PIHM)  Horizontal  and  Vertical  Intensified  Field  of  View  (in  degrees) 
for  Bight  and  Left  Eye  Positions. 


HORIZONTAL 


VERTICAL 


Sub. 

Rt. 

Lt. 

AVG. 

Rt. 

Lt. 

AVG. 

■eh 

37° 

0 

CO 

0 

CO 

CO 

Cl 

o 

36° 

36°  i 

2 

40 

39 

39.5 

39 

m 

40 

40 

40 

H&lUktiMt# 

mm 

39 

39 

37 

40 

38.5 

L  s 

38 

39 

38.5 

40 

38 

39 

38.8 

38.4 

Table  3.2:  Horizontal  and  Vertical  Intensified  Field  of  View  (in  degrees)  for  PIHM/ANVIS 
Viewing 


HORIZONTAL 


VERTICAL 


Rt. 

lit* 

35° 

35° 

38 

35 

38 

37 

36 

36 

36 

36 

36.6 

35.8 
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AVG. 

0 

CO 

33.5° 

39 

38.5 
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35.5 

36 

36.5 

36 

36 

4 


5 


AVG. 


Table  3.3:  Percent  (%)  Change  in  Field  of  View  from  Baseline 


HORIZONTAL 


VERTICAL 


Sub. 

Rt. 

Lt. 

AVG. 

Rt. 

Lt. 

AVG. 

1 

5.4% 

5.4% 

5.4% 

8.3% 

5.5% 

2 

5 

10.2 

■Q2 

2.5 

hq 

5 

3 

5 

ms 

6.3 

HO 

10.2 

8.9 

4 

7.6 

7.6 

7.6 

5.4 

10 

7.7 

5 

5.2 

7.6 

6.4 

7.5 

5.2 

6.4 

AVG. 

5.6 

6.7 

6.2 

HS 

7 

3.3  Photographic  Evaluation  of  PIHM/ANVTS  Fit 


Photographs  were  taken  of  each  subject  immediately  following  the  FOV  measurements 
while  wearing  the  ANVIS  both  with  and  without  the  PIHM.  Examination  of  the  photographs 
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revealed  that  the  NVG  oculars  were  in  proper  alignment  for  all  of  the  subjects  while  wearing 
the  PIHM/ ANVIS  combination.  No  problems  were  noted  with  the  mounting  bracket  while 
wearing  the  PIHM.  The  ANVTS  oculars  did  not  come  in  contact  with  the  visor  when  in 
the  proper  viewing  position.  To  ensure  optimal  field  of  view  the  oculars  were  positioned 
as  close  to  the  visor  as  possible  (approximately  10-20  mm).  The  photographs  showed 
that  for  subjects  1  and  2  the  oculars  were  tilted  slightly  upward  during  the  baseline  FOV 
measurements.  As  displayed  in  Table  1,  the  baseline  vertical  FOV  measured  for  these  two 
subjects  was  below  the  average  measured.  Photographs  of  baseline  and  PIHM/ANVIS  fits 
are  included  in  Appendix  5.2. 


3.4  Subjective  Evaluation  of  PIHM/ANVIS  Fit  and  Visibility 


The  subjective  evaluation  indicated  no  significant  problems  in  achieving  a  proper  fit 
with  the  PIHM/ANVIS  combination.  One  subject  indicated  that  the  mounting  bracket 
needed  more  vertical  adjustment  range  to  ensure  proper  positioning  of  the  NVGs  in  front 
of  the  eyes.  The  remaining  subjects  reported  no  problems  in  achieving  a  proper  fit. 

Two  subjects  reported  that  the  visibility  through  the  PIHM/ANVIS  combination  was 
better  than  through  the  NVGs  alone  because  the  “graininess  in  the  NVGs  was  less”  when 
viewing  through  the  PIHM  visor.  The  remaining  three  subjects  reported  that  their  visibility 
was  unchanged  by  the  PIHM/ANVIS  combination.  Two  subjects  reported  restricted  head 
mobility  while  wearing  the  PIHM/ANVIS  combination  which  limited  the  range  over  which 
they  could  look  from  side  to  side.  All  subjects  reported  that  the  intensified  FOV  with  the 
PIHM/ANVIS  combination  appeared  to  be  the  same  as  the  intensified  FOV  without  the 
PIHM.  A  complete  summary  of  the  questionnaire  results  is  included  in  Appendix  5.1. 
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Conclusions  and 
Recommendat  ions 


The  evaluation  described  in  this  report  was  designed  to  examine  the  compatibility 
of  ANYIS  night  vision  goggles  with  the  PIHM  system.  Both  the  data  and  observations 
indicated  that  the  integration  of  ANVIS  with  the  PIHM  did  not  result  in  any  significant 
compatibility  problems.  However,  the  results  of  this  evaluation  demonstrated  the  importance 
of  following  proper  PIHM  donning  procedures  and  careful  adjustment  of  the  ANVIS  to 
ensure  optimal  performance.  The  conclusions  and  recommendations  drawn  from  each  test 
objective  are  described  separately  in  the  following  paragraphs, 

4.1  Intensified  Field  of  View 

The  PIHM/ AN  VIS  combination  resulted  in  small  reductions  in  the  horizontal  and 
vertical  intensified  fields  of  view.  The  average  reduction  from  the  40  degree  optimal  ranged 
between  2  and  4  degrees.  This  rather  insignificant  effect  on  the  intensified  FOV  resulting 
from  the  PIHM/ANVIS  combination  can  be  attributed  mostly  to  proper  fit  and  adjustment. 
Each  subject  received  assistance  in  donning  the  PIHM  and  adjusting  the  ANVIS  mount  from 
life  support  specialists  prior  to  testing  to  ensure  that  the  NVG  oculars  were  centered  over 
each  eye  and  as  close  to  the  visor  as  possible.  Without  careful  adjustment  or  proper  fit,  the 
PIHM/ANVIS  combination  could  potentially  reduce  intensified  field  of  view  significantly. 

The  photographs  of  the  baseline  FOV  measurements  recorded  at  Pope  AFB  indicated 
that  the  NVG  oculars  were  slightly  tilted  upward  for  two  subjects,  resulting  in  less  than 
optimal  FOV’s.  Loss  in  FOV  could  be  magnified  by  an  improper  PIHM  fit,  and/or  improper 
adjustment  or  alignment  of  the  NVGs.  Therefore,  careful  attention  should  be  given  to  PIHM 
system  fit  as  well  as  proper  NVG  adjustment  prior  to  PIHM/NVG  missions. 

The  mounting  bracket  should  allow  the  NVG  oculars  to  be  positioned  directly  in  front 
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of  the  eyes  and  level  with  the  line  of  sight.  The  vertical  adjustment  range  of  the  mounting 
bracket  may  have  to  be  increased  to  ensure  proper  positioning.  The  NVGs  should  also 
be  positioned  as  close  to  the  visor  as  possible  without  damaging  it.  Optimal  field  of  view 
will  be  achieved  with  the  NVG  oculars  just  touching  the  visor.  Mole  skin  padding  could 
be  placed  around  the  NVG  lens  to  eliminate  the  risk  of  scratching  the  PIHM  visor.  It 
is  recommended  that  proper  training  procedures  be  developed  for  donning  the  PIHM  and 
adjusting  the  AN  VIS. 


4.2  Cockpit  Lighting  Interference  Assessment 

The  evaluation  results  demonstrated  no  cockpit  lighting  interference  when  viewing 
both  through  the  PIHM/ AN  VIS  combination  and  through  the  PIHM  visor  underneath  the 
NVGs.  Crewstation  lighting  levels  were  set  by  each  subject  to  preferred  night  mission 
levels.  Although  no  interference  was  noted  for  this  test,  it  is  possible  that  increased  cockpit 
illumination  levels  could  result  in  reflections  and/or  interference  with  the  PIHM/ AN  VIS 
combination.  It  is  recommended  that  potential  sources  of  lighting  interference  from  the 
crewstation  are  identified  and  eliminated  prior  to  NVG  flights  with  the  PIHM. 


4.3  Subjective  Evaluation  of  PIHM/ANVIS  Fit 

The  questionnaire  results  and  photographs  indicated  that  the  subjects  were  able  to 
achieve  a  proper  fit  with  the  PIHM/ANVIS  combination  and  that  no  discomfort  was 
experienced.  However,  it  is  recommended  that  the  mounting  bracket  be  modified  to  allow 
a  greater  range  of  vertical  NVG  adjustment  without  increasing  the  distance  at  which  the 
oculars  are  positioned  in  front  of  the  eyes. 
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Appendix 


5.1  Questionnaire  Results 

The  questionnaire  administered  to  the  five  crewmembers  at  Pope  AFB  is  included 
below.  A  summary  of  the  responses  made  to  each  question  is  provided. 

Aircrew  Eye  Respiratory  Protection  System  (AERPS)  NVG  Compatibility 

Questionnaire 

The  purpose  of  this  questionnaire  is  to  evaluate  the  effects  of  viewing  through 
the  protective  integrated  hood/mask  system  (PIHM)  using  ANVIS  night  vision  goggles. 
The  questionnaire  addresses  visibility,  field  of  view  loss,  and  cockpit  lighting  interference 
while  wearing  the  PIHM/NVG  system.  The  results  from  the  questionnaire  will  aid  in 
determining  the  severity  of  these  problems  as  they  relate  to  mission  success.  Please  use  the 
rating  scales  provided  and  feel  free  to  add  any  additional  comments.  Responses  made  on 
this  questionnaire  will  be  kept  confidential. 

Name: 

Organization: 

NVG  Plight  Hours: 

Helmet  Size: 

Mask  Size: 

1.  Did  you  notice  any  interference  or  reflectance  from  light  sources  within  the 
cockpit  when  viewing: 

a.  through  BOTH  the  PfflM  and  NVG’s?  Yes  -  0  No  -  5 

b.  through  the  PIHM  but  underneath  the  NVG’s?  Yes  -  0  N  o  -  5 
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2*  If  yes?  describe  the  sources  of  the  interference* 

‘‘Initially  with  the  lights  up,  there  was  interference.  Decreasing  the  light  source  eliminated 
all  reflections.” 

* 

4.  Describe  the  overall  visibility  through  the  PIHM/NVG  system  as  compared 
to  viewing  through  the  NVG’s  alone. 

(1)  much  worse  -  0 

(2)  worse  -  0 

(3)  same  -  3 

(4)  better  -  1 

(5)  much  better  -  1 
“Grain  in  NVG  is  less” 

5.  Describe  the  intensified  field  of  view  when  viewing  through  the  PIHM  and 
NVGs  as  compared  to  the  NVGs  alone. 

(1)  much  worse  -  0 

(2)  worse  -  0 

(3)  same  -  4 

(4)  better  -  1 

(5)  much  better  -  0 

6.  Were  you  able  to  get  a  good  fit  with  the  PIHM/NVG  system? 

Yes  -  5 

“Yes,  except  the  NVG  bracket  needed  to  be  removed  and  screws  loosened  to  give  more 
vertical  adjustment.” 

?•  What  were  specific  problems  you  encountered  while  wearing  the  PIHM/NVG 
system? 

“Discomfort  from  PIHM  wear.” 

“Wearing  glasses,  I  had  slight  pressure  on  the  bridge  of  my  nose.” 

“Mobility” 
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8.  How  would  you  improve  the  mounting  of  the  NVGs  when  used  with  the 
PIHM  system? 

“The  Bailey  mod  on  the  Pope  mount  works  best  for  317  TAW .” 

“Need  a  bracket  with  more  vertical  range  or  preset  brackets  that  can  be  stored  for  PIHM 
use  so  that  they  will  not  need  to  be  adjusted  in  flight.”  “It  was  fine.” 

“Mounting  is  okay.” 

9.  Do  you  have  any  suggestions  for  improvement  to  the  PIHM/NVG  system  or 
to  the  NVGs  alone? 

“The  hood  unit  needs  to  be  longer  to  allow  for  the  increased  head  movement  required  when 
wearing  NVGs.” 
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5.2  Photographic  Evaluation  of  PIHM/ANVIS  Pit 

Photographs  of  ANVIS  baseline  and  the  PIHM/ANVIS  combination  fit  with  the 
HGU-55/P  helmet  and  SMOTEC  mounting  bracket  for  four  aircrew  members  are  displayed 
in  Figures  5.1  through  5.2. 


Figure  5.1:  Baseline  ANVIS  Fit  with  HGU-55/P  Helmet  and  SMOTEC  Mounting  Bracket 
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Figure  5.2:  PIHM/ANVIS  Combination  with  HGU-55/P  Helmet  and  SMOTEC  Mounting 
Bracket 


*U.S.Gov»mment  Printing  Office:  1990-748-002/20206 
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Genco,  L  V,  (1985),  Night  vision  support  devices  human  engineering  integration.  AGARD,  Visual  Protection  and  Enhancement 
{pp.  6-1  through  6-8).  (NTfS  No.  AGARD-CP-379) 


RIGHT  VISfOH  SUPPORT  DEVICES 
HUNAN  ENGINEERING  INTEGRATION 

Lovim  V,  Cenco,  LtCcl  USAF 
Air  fore#  icroipiei  Mediesi  HriMteh  Laboratory 
Hri9ht  Fatteraon  A Ft,  OH  45433-0573 

SUMMARY 

Although  Might  vision  Goggles  fNVGal  txtend  the  luminance  range  over  which  we  can  uaa 
our  vision,  currant  AM/PVS  systems  require  special  cockpit  lighting  to  ba  fully 
effective,  reduce  viaual  depth  of  field  and  diminish  tha  fiald  of  view.  All  thraa  of 
thaaa  factor*  ara  extremely  important  to  pilot*  performing  night  operations,  Thia  papa r 
daacribo*  tha  raault*  of  aavaral  oparatlortal ly  ori*nt*4  efforts  conducted  by  tha  United 
State*  Air  Force  Aerospace  Medical  Research  Laboratory**  Human  Engineering  Division  to 
improve  visual  par i ormanca,  cockpit  lighting,  and  flight  information  transfer  in 
conjunction  with  the  use  of  night  vision  goggles.  The  efforts  include  an  operational 
definition  of  NVG  compatible  lighting,  a  recommended  approach  to  improving  depth  of 
focus,  an  attempt  to  erpand  field  of  view,  and  a  description  of  a  NVG  HUD  using 
optics! iy  injected  flight  data.  All  efforts  canter  around  using  or  Modifying  currant 
AN/P  VS  NVGs  used  by  OS  force*,  1  * 


VISUAL  PERFORMANCE  THROUGH  NVCS 

Night  vision  anhanesmant  devices  appear  to  ba  gaining  wide  acceptance  among  both  civil 
and  Military  organisations  is  weans  to  improvs  visual  perception  under  condition*  of  low 
luminance.  The  new  device*  are  not  merely  light  amplifiers  flight  being  defined  as  that 
portion  of  the  electromagnetic  spactrum  to  which  out  eyea  are  sensitive!,  but  extend  our 
capability  to  aaa  Into  the  near  infrared,  Sacauaa  of  this  differential  sensitivity  of 
our  eyes  end  night  vision  devices,  both  lighting  engineers  and  night  vision  device  users 
must  be  aware  of  the  possible  degradations  In  performance  in  either  the  unaided  or 
enhanced  viaual  systaes  cauaed  by  inappropriate  lighting  schemes.  In  many  esses, 
inappropriate  lighting  may  cause  vi*ual  performance  through  night  vision  devices  to  be 
less  than  that  erptrianced  without  the  devices  in  place. 

Although  the  human  eye  is  aensltive  to  electromagnetic  radiation  from  about  380  na  to 
about  700  na,  it  is  not  equally  aensltive  to  ell  wavelengths  of  light.  During  daylight 
or  photopic  vision,  our  retinaa  are  maximally  aensltive  to  light  whose  wavelength  is 
about  555  nm  {a  yellow-green).  During  night,  or  scetopic  vision,  our  retina*  are 
Maximally  sensitive  to  light  whose  wavelength  approaches  505  nm  fa  blue-greeiO.  Figure  1 
shows  the  reletive  spectral  and  anergy  sensiti vitias  of  the  photopic  and  acotopic  visual 
systems. 


WAVELENGTH  (NANOMETERS) 
FIGURE  I 

ABSOLUTE  SPECTRAL  AND  ENERGY 

SENSITIVITIES  Of  THE  l*S  A  T  HKD  *Y*? 
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The  dynamic  rang*  of  the  photopic  visual  system  is  about  108  -  Iff  ML ,  and  the  dynamic 
range  of  the  scotopic  system  is  about  1-  10*°  ML*  Although  our  eyes  are  very  sensitive 
to  light  when  fully  dark  adapted  (under  ideal  conditions  we  can  see  a  candle  at  a 
distance  of  about  one  mile),  their  resolution  acuity  is  very  low.  At  best,  the  scotopic, 
visual  system's  resolution  Is  about  20/200,  and  exhibits  a  central  scotoma  or  blind  ■ 
spot*  In  other  words*  small  objects  will  disappear  when  looked  at  directly. 

First  generation  devices  were  photomultipliers  that  were  sensitive  to  a  spectral 
distribution  similar  to  our  eyes*  They  would  amplify  what  visible  light  was  available, 
and  present  the  information  on  a  monochromatic  display.  Since  the  display  luminance  was 
high  enough  to  activate  the  photopic  visual  system,  the  limiting  factor  in  resolution 
was  the  optoelectronics  in  the  device  rather  than  the  eye* 

The  visual  environment  at  night  is  relatively  poor  in  visible  wavelength  energy,  but 
remains  relatively  rich  in  longer  wavelength  (infrared)  energy.  Passive  devices  which 
used  these  Infrared  wavelengths  could  then  rely  on  a  statistically  larger  number  of 
photons  to  activate  the  systems  and  improve  resolution.  The  US  Army's  AN/PVS  5A  second 
generation  night  vision  goggles  (GEN  XI  NVCs)  maintained  sensitivity  to  the  visible 
wavelengths,  and  extended  their  sensitivity  to  the  near  infrared  wavelengths.  This 
meant  that  the  second  generation  devices  could  not  only  "see*  light  whose  amplitude  was 
normally  too  low  for  our  unaided  eyes  to  perceive,  but  they  could  also  "see"  wavelengths 
to  which  our  retinas  were  Insensitive,  and  improve  resolution  above  that  given  by  first 
generation  systems.  Figure  2  shows  relative  spectral  sensitivities  of  the  human  eye  and 
GEN  IX  NVGs.  It  also  shows  the  relative  amounts  of  radiant  energy  available  at  night. 


WAVELENGTH  (NANOMETERS) 
FIGURE  2 

RELATIVE  SPECTRAL  SENSITIVITIES 
OF  EYE  TO  GEN  II  NVG 


Scenes  viewed  through  GEN  II  NVGs  are  perceived  as  shades  of  green  because  of  the 
phosphor  characteristics  of  the  system.  The  output  luminance  of  the  NVGs  is  sufficient 
to  activate  the  photopic  visual  system,  but  resolution  is  still  limited  by  the  NVGs 
rather  than  the  eye.  Typical  visual  acuities  of  individuals  wearing  operational  units 
under  typical  night  conditions  range  from  20/00  to  20/Sff.  The  unaided  daytime  visual 
acuities  of  these  people  are  20/20  or  better.  In  addition,  the  Instantaneous  binocular 
field  of  view  (BFOV)  is  limited  to  40°  rather  than  the  100°  "unrestricted"  field  of 
view*  Because  of  optical  inconsistencies  in  the  goggles,  stereopsis  (one  component  of 
depth  perception)  Is  poorer  than  expected  for  photopic  vision,  but  equal  to  or  better 
than  that  experienced  with  scotopic  vision.  Table  1  is  a  summary  of  various  visual 
thresholds  of  the  unaided  eye  and  the  visual  system  Including  NVGs. 
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Table  i 


Comparison  o t  Fhotopic,  Scotopic,  and  N VC- Aided  Vision 


Photopic  Syatan 

Scotopic  System 

Bye  +  N VGs 

Dynamic  Bangs 

IP8  -  1»  ML 

l-  If 6  ML 

10*S  -  If*8  HU 

Receptor  (Eye) 

Ccnea 

Rods 

Rods  &  Cones 

System 

Resolution 

Better  than  1  arc- 

-min  10  arc-min 

2-3  arc-minfNVG| 

Spectral 

AH/PVS-5?  **** 

Sensitivity 

350  -  70*  HH 

350  -  700  UK 

AH/PVS-6;  **** 

Has  Spectral 

AH/PVS-Ss  **** 

Sensitivity 

555  NH 

505  NM 

AH/PVS-Sj  **** 

Perceived  Spectral 

Output 

Colors 

Grays 

Greens 

Field  of  Vie* 

*  IBB0 

"  100° 

40° 

Has  Retinal 

Sensitivity 

•°  ♦  2.5°  (disc) 

20° (annulus) 

2.5°  (disci 

Dart  Adaptation 

Time  (full) 

19  minutes 

30  minutes 

Seconds 

Dark  Adaptation 

Tima  (flash) 

Seconds 

Saconds 

Seconds 

Dark  Adaptation 

Tima  (failure! 


Has  2  Minutes 


an/PVS6th I rd-ganarat ion  night  vlalon  gogglas  (GEM  m  KVGa)  hava  taducad  aanaitivity 

and  gras  tar  sensitivity  to  longar  vivvlcngtht*  Tha  GEN  III  NVG 
°«tp«t  U  .1.0  -btlght.r'  th.n  that  of  th.GEM  It.  ln.urlng  tha  rati  *;  i.  adaptld  to  2 
photopic  level  ahila  visaing  aost  scanas  through  tha  HVOa.  Improvements  in  tha  optical 

i«Pfovaa.nta  In  vltaal  resolution  whila  aaaring  tha 


589 


Ab  we  gained  experience  with  NVGs  in  operational  environment*,  itvtral  critical  human 
engineering  factor*  became  apparent!  cockpit  (instrument,  awitch  and  display)  lighting 
must  be  compatible  with  both  the  NVG*  and  the  unaided  eye  if  both  are  to  be  used  to 
their  fullest  capability;  the  NVG*  could  be  modified  to  improve  field  of  view  and 
display  characteristics;  refocussing  from  outside  the  cockpit  to  see  instruments  was  a 
problem;  new  helmet  mountings  needed  to  be  designed  to  better  distribute  the  weight;  and 
future  NVG  design  must  consider  safety  and  ejection  factors. 

NVG  COMPATIBLE  LIGHTING 


In  order  for  NVGs  to  be  most  effective,  the  cockpit  lighting  must  be  optimised  fpr  the 
NVG's  spectral  sensitivity.  Even  low  amounts  of  red  and  IR  wavelengths  generated  within 
the  cockpit  can  significantly  reduce  the  goggles'  sensitivity  to  the  outside  scene. 
Several  vendors  sre  now  producing  "NVG  compatible”  lights,  even  though  there  is  no 
generally  accepted  measure  of  compatibility.  The  moat  promising  products  appear  to  be 
those  that  drastically  reduce  or  eliminate  emissions  corresponding  to  visible  red  and 
longer  wavelengths,  however  the  absence  of  red  warning  lamps  may  be  of  some  concern  to 
traditional  cockpit  lighting  engineers. 


Our  definintlon  of  "NVG  compatibility"  contains  two  general  criteria:  1)  the  lights 
will  not  degrade  vision  through  the  NVGs  for  specified  lighting  positions  or 
configurations,  and  2)  the  lights  will  allow  good  vision  of  instruments  or  other  objects 
for  the  unaided  eye.  We  include  not  only  instrument  and  panel  llghta  in  this 
definition,  but  CRT  and  other  diaplays. 

Many  users  found  that  normal  incandescent  sources  which  were  used  to  provide  in-cockpit 
illumination  for  the  unaided  eye  would  emit  too  much  infrared  energy,  and  cause  the  NVG 
to  lose  sensitivity  to  out-of-cockpit  scenes  (bseausa  of  activation  of  the  automatic 
gain  control).  Many  filtering  syatems,  electroluminescent  lighting  schemes,  and  light 
emitting  diode  schemes  were  Investigated;  all  of  which  were  intended  to  reduce  the 
emitted  IR  energy,  and  maintain  senaitivity  of  the  goggles. 

we  have  found  it  helpful  to  describe  at  least  three  categories  of  cockpit  lighting 
conf igurat ions,  and  have  begun  to  establish  compatibility  ratios  for  most  "NVG 
compatible  sources"  for  each  condition.  Catsgory  1  includsa  lights  in  the  direct  field 
of  view  of  the  goggles,  category  2  includes  light  reflected  from  the  windscreen  or  other 
object  into  the  gogglee,  and  category  3  includes  "light  pollution"  from  other  aources. 
when  viewing  outside  scenes,  lights  which  srs  almost  always  in  the  direct  field  of  view 
of  the  NVG*  should  not  be  considered  to  heve  the  same  effect  as  light  sources  normally 
we  1  1  out  of  the  NVG  field  of  view. 


We  have  developed  a  preliminary  Compatibility  Ratio  (CR)  that  takes  into  consideration 
properties  of  both  the  unaided  eye  and  the  NVGs.  This  Compatibility  Ratio  may  be  used 
for  any  lighting  configuration,  type  or  placement,  and  will  predict  the  relative  effects 
of  various  vendors”  products  on  visual  and  NVG  performance.  Essentially,  CR  is  the 
ratio  of  the  photopic  eye  rerponse  for  a  particular  wavelength  to  the  ANVIS  sensitivity 
to  the  same  wavelength. 

Compatibility  Ratio  may  be  expressed  mathematically  *■  follows: 


CR  • 
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J  VX  H  dX 

409  A  * 
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S  N  dx 

«a>  * 


Where: 

Vv  ■  Relative  photopic  eye  response  for  CXE 
1931  standard  observer 

N  ■  Relative  spsctral  radiance  for  a 
particular  light  source  (Watts/cm  Sr  nm) 

G„  •  Relative  ANVIS  spectral  response  as 
measured  or  specified  by  manufacturer 
or  JLC  Ad  Hoc  Committee 

Appropriate  Compatibility  Ratio  limits  sre  now  being  found  by  empirical  determination 
for  s  subset  of  typical  cockpit  illuminators  and  categories.  Spectroradiometr ic 
measurements  of  other  illuminants  will  then  allow  ranking  or  compatibility  comparisons 
of  many  cockpit  lighting  types  and  sources  without  th*  necessity  of  complex  simulator 
devices.  Th*  CR  will  also  provide  suitable  wavelength  mixture  Information  to  lamp 
deslgnsrs. 
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W  fff  the ^process  of  defining  spectral  loci  for  acceptable  NVG  compatible 

cockpit  lighting.  Assuming  the  pilot  will  be  able  to  see  various  instrument  and  cockpit 
#t°*r  with  and  without  the  NVGs ,  the  problems  of  appropriate  color 

]*u*  *n<s  sguality  of  luminance  for  either  unaided  or  aided  vision  are 
added  to  the  list  of  concerns  for  the  illumination  engineer.  Care  muat  be  taken  that 
warning  and  caution  light*  are  sufficiently  different  from  "normal*  illuminants  to  avoid 
confusion.  Historically,  this  has  been  accomplished  vis  color  coding  the  former  lights 
red  or  yellow,  but  since  these  longer  wavelengths  are  not  compatible  with  NVG  usage,  the 
choice  of  spectral  components  is  severely  restricted, 

NVGS  AND  VIDEO  DXSPLATS 


Initial  tests  indicate  color  video  displays  will  have  to  be  modified  to  reduce  long 
wavelength  emissions.  Essentially,  this  means  aliminating  or  significantly  reducing  the 
output  of  the  red  gun,  with  resultant  degradation  in  visible  color  separation  for  the 
display  graphics  or  symbology.  m  addition,  displays  using  P-43  or  similar  phosphors 
will  have  to  be  filtered  to  reduce  the  normally  tiny  long  wavelength  "bump"  on  the 
emission  curve.  If  this  is  not  done,  the  display  will  cause  the  NVGs  to  lose 
sensitivity  at  brightness  levels  just  barely  sufficient  for  comfortable  unaided  vision. 

One  possible  use  of  passive  NVGs  is  in  conjunction  with  active  FLIR  or  other  systems 
whose  information  is  presented  on  a  Heads  Op  Display  IHOD).  Since  the  HUD  imagery  is  at 
optical  infinity,  refocussing  the  NVGs  is  eliminated.  However,  holographic  or 
diffractive  HUD  combining  glasses  are  tuned  to  reflect  only  the  narrow  green  band  of  the 
P-43  phosphor.  The  imagery  generated  by  these  HUDs  appears  dimmer  with  AN/PVS  $  goggles 
than  wlthoutl  The  reason  for  this  apparent  anomaly  is  the  presence  of  a  minus-blue 
objective  lens  costing,  which  prevents  much  of  the  green  band  from  entering  the  NVGs. 

DEPTH  OP  FOCUS  PROBLEHS  AND  SOLUTIONS 

The  normal  eye  can  accommodate  or  focus  on  objects  at  different  optical  distances,  when 
we  fixate  on  distant  objects,  near  objects  are  blurred.  When  we  change  focus  to  the 
near  object,  the  distant  target  is  blurred*  The  range  of  distances  over  which  we  can 
see  clearly  without  refocussing  is  called  the  "depth  of  focus"  or  "depth  of  field*. 
Refocussing  is  accomplished  by  the  action  of  the  ciliary  muscles  in  each  of  our  eyes, 
changing  the  shape  of  the  crystalline  lens. 

When  properly  adjusted,  the  ocular  lenses  of  the  night  vision  goggles  place  the  image  of 
the  scene  near  optical  infinity  for  the  wearer's  eyes.  The  NYG's  objective  lenses  are 
then  adjusted  to  focus  on  the  object  of  regard.  Because  of  their  small  f-number,  there 
is  very  little  depth  of  focus  for  NVGs,  If  a  pilot  had  hia  systr^  j  >cussed  for  out-of¬ 
cockpit  viewing,  he  would  be  unable  to  clearly  see  legends  or  * .  truments  within  the 
cockpit  without  manually  refocussing  each  tube.  After  reading  his  instruments,  he  muat 
then  refocus  for  clear  distance  viewing. 

The  AN/PVS  £  goggles  ware  provided  with  an  Aviator's  Night  Vision  System  <ANVIS>  mount, 
which  allowed  the  pilot  to  look  under  the  tubes  to  see  his  instruments.  This  feature 
attempted  to  eliminate  the  refocussing  problem  encountered  with  the  AN/PVS  5  mounts, 
which  ware  assigned  for  ground  use.  Unfortunately,  the  ANVIS  mount  moved  the  center  of 
gravity  of  the  goggles  farther  from  the  head,  and  emphasised  the  problem  of  maintaining 
lighting  compatibility  for  both  the  goggles  and  the  unaided  eyes  at  the  same  time.  In 
addition,  when  the  pilot  wanted  to  see  instruments  near  the  top  of  his  glare  shield,  the 
pilot  needed  to  move  his  hsad  in  an  uncomfortable  manner  to  move  the  goggle  tubes  out  of 
his  fisld  of  view.  Several  other  NVG  manufacturers  producsd  diffsrent  systems  to  reduce 
the  near  viaion  problem,  such  as  tha  Marconi  Cats  Eye,  and  the  FdW  Industries  See- 
Through  Night  Vision  Goggls  (SNVS). 

Anothsr  snswsr  to  the  refocusing  problem  is  sddrstssd  by  shared-aperture  optics.  The 
concept  of  she  red -aperture  optics  is  similar  to  that  of  pinhole  optics,  in  which  light 
is  imaged  on  a  surface  without  the  use  of  lenses.  The  shared-aperture  concept  is 
similar  in  that  the  objsctivs  Isnses  of  tha  NVGs  srs  costed  with  s  minus-blue  filter, 
effectively  blocking  shot*,  visible  wavelengths  of  light.  If  cockpit  lights  are  filtered 
or  otherwise  caused  to  emit  only  short  wsvslsngths,  these  lights  will  not  be  seen  when 
looking  through  the  goggles.  Now  envision  s  small  aperture,  similar  to  that  in  s 
pinhole  camera,  in  the  minus  blue  costing.  The  relatively  high  energy,  short- 
wavelength  instrument  light  can  pass  through  this  aparture,  and  form  a  clear  image  in 
the  NVGs,  The  large  area  around  the  aperture  acts  as  a  relatively  low  f-number  optical 
system  to  the  outside  scans,  which  is  rich  in  long  wsvslsngths.  with  appropriate  shared 
apertures,  and  with  the  system  focussed  for  infinity,  the  pilot  can  see  both  the  outside 
world  and  his  instruments  with  relatively  normal  head  and  eye  motions.  Figure  4 
diagrams  the  optical  concept  of  shared  apertures,  which  can  be  incorporated  into  present 
AW/FVI  systems. 
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FIGURE  4 

OPTICAL  CONCEPTS  OF  SHARED  APERTURES 


One  disadvantage  of  shared  aperture  optics  is  the  critical  selection  of  wavelengths 
suitable  for  ln-cockpit  illumination.  These  wavelengths  must  be  almost  totally  blocked 
by  the  filter  coating  on  the  objective  lens,  thus  significantly  reducing  the  number  of 
available  illureinant  choices. 

FIXATION  POINT  PROBLEMS  AND  SOLUTION 

Unfortunately,  with  any  of  the  above  methods  of  allowing  vision  of  both  the  exterior 
scene  and  cockpit  Instrumentation,  the  pilot  is  still  required  to  change  his  visual 
point  of  regard  from  outside  to  inside  views?  requiring  changes  in  accommodation  (for 
conventional  aperture  systems),  light  adaptation,  and  fixation  posture.  While  his 
visual  system  Is  busy  with  one  scene.  Important  changes  could  be  taking  place  in  the 
other*  Since  NVGs  are  typically  used  at  very  low  altitudes,  normal  aircraft  velocities 
cause  high  rates  of  approach,  and  concurrent  rapid  changes  in  visual  scene,  which  may 
degrade  safety. 

Scientlete  at  AFAMRL  approached  the  problem  of  seeing  both  the  outside  scene  and 
instrument  display  by  electronically  and  optically  injecting  critical  flight  instrument 
readings  into  the  optical  path  of  the  NVGs.  Now,  the  pilot  need  adjust  his  NVG's  focus 
only  once  —  for  distent  viewing,  end  the  flight  data  would  alao  be  seen  near  optical 
infinity,  in  the  same  field  of  regard  as  the  outside  scene.  In  effect,  we  created  a 
Heads  Up  Display  (HUD)  for  the  NVGs,  so  we  named  it  the  AFAMRL  NVG  HUD. 

Before  using  the  NVG  HUD,  the  visual  duties  of  crew  members  of  night  flying  aircraft 
were  partitioned  —  some  tasked  to  look  outside  and  others  tasked  to  look  only  at 
instruments  of  various  types.  The  pilot  was  to  look  outside  the  cockpit,  while  the  co¬ 
pilot  was  to  look  at  the  critical  Instruments.  Both  the  radar  operator  and  copilot 
reported  to  the  pilot  verbally  over  the  intercom.  All  crew  members  who  were  to  look 
outside  the  cockpit  wore  night  vision  goggles,  end  the  cockpit  lighting  was  suitably 
modified  to  least  interfere  with  the  NVGs. 

Sines  the  development  of  the  AFAMRL  «VG  HOD,  the  visual  tasks  of  the  crew  can  be 
partitioned  in  a  more  normal  (l.e.  more  similar  to  daylight  flying)  fashion.  The 
pilot's  visual  abilities  are  actually  enhanced  in  that  he  can  now  see  both  the  outside 
scene  and  flight  data  at  the  same  time,  without  refocusing  either  hi#  eyes  or  the  NVGs. 
In  fact,  he  need  not  change  his  visual  regard  from  any  exterior  scene  of  interest?  his 
flight  data  sr#  projected  to  appear  near  the  point  at  which  he  is  looking. 

The  aircraft  for  which  the  IIVC  HUD  warn  originally  designed  were  not  equipped  with 
conventional  HODa,  but  displayed  information  on  both  video  displays  and  round-dial 
instruments  located  on  a  conventional  instrument  panel.  AFAMRL  engineers  were  able  to 
samplm  data  on  the  computer  bus  serving  the  instruments,  and  use  these  data  to  generate 
a  display  on  •  small  CRT.  Several  interactive  studies  were  performed  by  AFAMRL  and  MAC 
to  determine  the  optimum  display  format  and  symbology  to  effectively  portray  datb 
values. 

The  CRT  display  wts  then  coupled  to  a  coherent  fiber  optics  bundle,  which  was  passed  to 
the  pilot'!  helmet.  The  output  of  the  bundle  was  collimated  and  reflected  from  a 
beamsplitter  or  combining  glass  mounted  on  the  NVG  barrel,  into  the  optical  path  of  the 
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NVGa*  In  this  fashion,  the  wearer  of  the  NVGs  could  see  the  eutaide  scene  with  both 
eyes*  and  the  flight  data  image  with  one  eye. 

The  brightness  of  the  displayed  data  can  be  dimmed  by  the  pilot,  ao  he  can  *look 
through*  the  graphics  at  the  outside  scene,  using  binocular  vision.  As  the  need  for 
critical  flight  data  Increases,  he  can  increase  the  relative  brightneaa  of  the  graphics, 
so  he  can  easily  perceive  the  data  with  one  eye*  Since  the  other  eye  continually 
maintains  a  view  of  the  out-of-cockpit  scan#,  the  visual  system  superimposes  the  imagery 
created  on  the  face  of  the  CRT  over  the  outside  scene.  Since  there  is  a  great 
difference  in  appearance  of  the  images,  there  is  no  retinal  rivalry  effect,  and  both  the 
outside  scene  and  the  flight  data  are  seen  constantly*  There  have  been  no  reports  of 
the  Pul f rich  phenomenon  while  using  the  system,  end  no  unusual  lighting  compatibility 
criteria  need  be  addressed* 

FIELD  OF  VIEW  IMPROVEMENTS 

Both  the  AN/PVS  5  and  AN/PVS  6  NVGs  restrict  the  wearer’s  instantaneous  binocular  field 
of  view  to  a  40°  circle.  In  order  to  carry  on  any  viaual  search  pattern,  NVG  wearers 
must  increase  the  amount  of  head  and  neck  motion  to  cover  the  same  area  praviously 
covered  by  relatively  simple  eye  movements  alone*  This  increased  head  movement, 
combined  with  the  weight  distribution  of  the  HVGs  contributes  greatly  to  neck  muscle 
fatigue.  Optically  increasing  the  field  of  view  of  the  NVGs  results  in  a  reduction  of 
resolution*  The  pilot  might  see  more  in  his  instantaneous  field  of  view,  but  what  he 
does  see  will  be  less  distinct* 

One  possible  method  of  improving  the  horizontal  field  of  view  is  *toeing-in*  the  NVG 
tubes.  Since  the  NVGs  have  a  magnification  factor  of  1,  moving  the  tubes  from  their 
parallel  position  will  have  no  effect  on  the  positions  of  the  eyes*  lines  of  sight. 
Some  time  ago,  AFAMRL  produced  a  prototypa  NVG  arrangement  with  the  tubes  *toed-in*  10° 
each.  The  result  was  an  instantaneous  field  of  view  of  60°,  consisting  of  a  binocular 
overlapping  field  of  view  of  20°,  and  two  monocular  fields  of  view,  each  of  20°  (See 
figure  5).  All  images  in  the  Instantaneous  field  of  view  maintain  their  correct 
relationships  to  ail  other  images,  and  many  pilots  who  tried  the  goggles  were  unaware  of 
tha  presence  of  two  monocular  fields  until  told  to  alternate  closing  their  eyes.  The 
toe-in  concept  is  not  a  new  one  ...  it  was  patented  in  the  OS  several  years  ago  and  is 
also  demonstrated  with  Harconi*s  Cats  Rye  NVGs* 


FIGURE  5A 
CURRENT  40s  FOV 
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FIGURE  5B 
AMRL  MODIFIED  FOV 


FUTURE  CONCEPTS 

As  display  technology  improves,  and  computer  enhanced  imagery  matures,  it  is  possible 
that  the  pilot  of  the  future  need  not  depend  soley  on  his  unaided  vision  while  flying  at 
night  or  under  conditions  of  poor  visibility.  We  see  the  early  stages  of  new  visual 
applications  in  the  acceptance  of  NVGs,  HDDs  and  FLXRa.  The  concept  of  providing 
enhanced  imagery  to  the  pilot  is  not  new,  but  the  methods  to  do  this  are  rapidly 
evolving.  AFAHRL  is  at  the  forefront  of  this  technology  with  its  state  of  the  art 
Visually  Coupled  Alrbourne  Systems  Simulator  (VCASS),  which  allows  the  pilot  to  take 
advantage  of  new  sensor  technology  by  displaying  various  imagery  on  his  helmet  visor. 
Systems  control,  sensor  pointing  and  device  switching  are  performed  with  normal  head  and 
eye  movements,  providing  a  wide  binocular  field  of  view,  with  computer  enhanced  imagery, 
color  and  symbology.  Artificially  induced  stereo  cues  add  a  new  dimension  to  spatial 
sense. 

The  use  of  night  vision  enhancement  devices  appears  to  be  growing  in  acceptance. 
Performance  with  these  devices  will  be  further  aided  by  assuring  appropriate  human 
engineering  factors  are  considered  both  in  their  design  and  application.  It  is  not 
necessary  to  wait  for  next-generation  improvements  to  become  available  in  order  to  have 
an  effective  night  vision  system  useable  by  aircraft  pilots.  NVG  modifications  and 
ancillary  devices  made  and  planned  by  AFAHRL  and  other  organixationa  can  be  applied  to 
today's  second  and  third  generation  products. 
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PREFACE 


This  report  describes  the  development,  evaluation,  and  application  of  night 
vision  goggles  ( NVG)  modified  with  head-up  display  (HUD)  symbols..  The  NVG/ 
HUD  system  was  designed  for  flying  night,  visual  flight  rule  (VFR),  low 
level  operations.  The  results  proved  to  be  general izable  to  a  variety  of 
aircraft  and  missions.  The  report  was  prepared  in  part  by  Systems  Research 
Laboratories,  Inc.  (SRL) ,  2800  Indian  Ripple  Road,  Dayton,  Ohio  45440,  under 
Contract  F33615-82-C-0511.  The  work  was  performed  in  support  of  the 
Harry  G.  Armstrong  Aerospace  Medical  Research  Laboratory  (AAMRL) ,  Pro¬ 
ject  7184-12-15,  Lighting  and  Light  Control,  under  the  direction’of 
Mr.  Jeffrey  L.  Craig  for  the  Human  Engineering  Division  (HE),  Wright- 
Patterson  Air  Force  Base,  Ohio  45433. 


The  authors  gratefully  acknowledge  the  contributions  of  Dr.  Harry  Lee  Task 
who  designed  and  developed  the  NVG/HUD  display,  the  assistance  of  Mr.  David 
Lambertson  who  designed  and  reported  the  aircraft  instrumentation  inter¬ 
faces,  and  to  Ms.  Carla  Reese  (SRL)  who  tabulated  the  pilot  questionnaire 
responses. 

Special  acknowledgements  are  made  to  the  following  MAC  personnel  who 
coordinated  the  field  and  flight  test  trials: 

Capt.  Doyle  Walker,  Airlift  Center,  Pope  Air  Force  Base,  NC 
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Section  1 
INTRODUCTION 


This  report  documents  the  development,  evaluation,  and  application  of  night 
vision  goggles  (NVGs)  modified  with  head-up  display  (HUD)  symbols  for  flying 
night,  visual  flight  rule  (VFR),  low  level  operations.  The  NVG/HUD  combines 
NVG  compatible  symbols,  infinitely  collimated  for  a  monocular  presentation, 
and  a  binocular  view  of  an  infrared  scene.  The  Harry  G.  Armstrong  Aerospace 
Medical  Research  Laboratory  (AAMRL)  conducted  the  evaluation  program  for 
special  Military  Airlift  Command  (MAC)  operations. 


The  NVG/HUD  was  used  by  30  pilots  flying  eight  models  of  jet  and  turboprop 
cargo  aircraft  and  conventional  helicopters  in  night  sorties.  Question¬ 
naires  and  Interviews  were  used  to  guide  design  changes,  suggest  training 
requirements,  and  assess  pilot  acceptance  of  the  NVG/HUD  device. 

This  section  includes  a  brief  description  of  requirements  for  development  of 
the  NVG  and  NVG/HUD  for  night,  low  level  operations.  The  approach  for 
qualifying  the  NVG/HUD  in  successive  aircraft  is  described,  a  background 
discussion  of  NVG  state  of  the  art  is  presented,  and  a  list  of  test  objec¬ 
tives  is  included.  Section  2  includes  the  critical  mission  factors  for  all 
of  the  aircraft.  (Unless  noted  otherwise,  the  term  "aircraft"  includes 
fixed-wing  and  rotary-wing  aircraft.)  Descriptions  of  NVG/HUD  equipment, 
crew  experience,  and  the  development  of  the  evaluation  questionnaires  are 
also  highlighted.  Section  3  summarizes  the  results  of  the  in-flight 
tests.  Section  4  presents  the  final  display /control  configurations,  sug¬ 
gested  training  requirements,  and  recommendations  for  NVG/HUD  applications. 

Appendices  include  descriptions  of  the  NVG/HUD  demonstration  device  used  in 
this  study  and  the  questionnaires  and  their  responses  used  to  evaluate  the 
device. 

BACKGROUND 

> 

Godfrey  (1982)  describes  the  development  and  use  of  NVGs  in  military 
crewstations: 
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NVGs  have  now  attained  a  level  of  sophistication  such  that 
aircraft  can  be  safely  and  comfortably  flown  using  these 
devices.  NVGs  operate  by  amplifying  reflected  low  intensity 
visible  and  near  infrared  (invisible)  light.  The  goggles  most 
commonly  referred  to  are  AN/PVS-5  (Generation  II)  and  ANVIS 
(Generation  III)  (Aviators  Night  Vision  Imaging  System).  Gener¬ 
ation  II  goggles  can  be  helmet-mounted  but  are  rather  heavy  and 
awkward.  The  user  must  see  everything  through  them  including 
cockpit  instrumentation.  The  Generation  II  produces  a  bright 
target  image  at  light  levels  as  low  as  quarter  moon  illumina¬ 
tion.  The  latest  NVGs  (Generation  III)  are  helmet-mounted, 
lightweight,  and  well  balanced  so  that  the  person  wearing  them 
can  operate  unhindered.  The  design  permits  use  of  the  goggles  to 
produce  a  clear  green  picture  of  the  world  around,  while  at  the 
same  time  permitting  use  of  the  naked  eye  to  look  under  the 
goggles  and  read  instrumentation  or  other  information.  Genera¬ 
tion  III  NVGs  produce  a  bright  target  image  at  light  levels  as 
low  as  starlight  illumination. 

As  with  any  new  technology  introduced  into  areas  as  complex  as  an 
aircraft  crewstation,  there  are  a  number  of  problems  which  must 
be  resolved.  The  most  significant  problem  is  the  light  which  is 
enhanced  to  produce  a  picture  of  the  outside  world.  The  wave¬ 
length  of  this  light  is  between  600  to  900  nanometers.  This 
means  that  incandescent  lamps  or  any  other  light  whose  wavelength 
is  longer  than  approximately  525  nanometers  (green  light  output) 
will  also  be  amplified  and  interfere  with  the  image  of  the  out¬ 
side  scene.  Yellows,  reds,  and  infrared  either  "blind"  the 
goggles  or  cause  them  to  protectively  shut  down  much  as  the 
unaided  eye  adapts  to  very  bright  light. 


The  response  of  the  goggles  used  in  this  study  are  shown  in  Figure  1. 


APPROACH 


AAMRL  approached  the  problem  of  flying  very  low  levels,  at  night,  by  pro¬ 
viding  HUD  symbols  on  a  combining  glass  over  one  of  the  goggle  eyepieces. 

The  concept  was  to  provide  sufficient  position  and  attitude  information  to 
allow  an  "eyes-out"  orientation  during  special  operations.  Several  modes  of 
mission-oriented  symbols  were  included  as  pilot  options. 


As  shown  in  Figure  2,  the  AAMRL  concept  was  to  generate  symbols  based  on 
digitized  data  from  aircraft  sensors,  display  the  symbols  on  a  CRT,  and  then 
fotus  the  CRT  image  on  a  400  x  400  element,  fiber  optic  cable.  The  cable 
transmitted  the  image  to  a  combining  glass  positioned  in  front  of  a  single 
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Figure  1.  Response  of  Night  Vision  Goggles 
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Figure  2.  NVG/HUD  Concept 
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NVG  lens.  The  pilot's  eye  saw  the  symbols  collimated  at  infinity,  and 
within  a  wider  field-of-view  of  an  infrared  image  of  the  real  world. 

The  overall  approach  was  to  select  a  feasible  set  of  military  standard  HUD 
symbols  and  use  actual  OTSE  flight  experience  with  a  demonstration  device  to 
obtain  user  modification  requirements  and  acceptance  information.  For  each 
aircraft  test,  pretest  discussions  were  held  with  MAC  personnel  to  derive  a 
symbol  set  and  control  panel  that  appeared  to  satisfy  the  aircraft's  mission 
requi rements. 

HQ  MAC  authorized  the  Operational  Feasibility  Test  and  Evaluation  (OFT&E)  of 
the  NVG/HUD  based  on  successful  trials  in  preliminary  C-141B  flights: 

Operational  incidents  have  highlighted  the  need  to  enhance  the 
safety  of  night  special  operations  missions.  At  HQ  MAC/XPQ 
request,  the  AAMRL  developed  a  HUD  system  for  C-141B  aircraft 
that  is  compatible  with  NVG  use...  The  C-141B  test  results 
verified  the  usefulness  and  potential  of  the  system  to  enhance 
C-141B  special  operations  missions.  (MAC  Project  Plan  15-84-84) 

Over  a  1-year  period,  MAC  directed  that  NVG/HUDs  be  flown  on  the  following 
ai rcraft: 

C-141B  C-130E  (AWADS) 

MC-130E  (TALON) 

AC-130  (GUNSHIP) 

HC-130P 

The  AC-130  data  were  not  available  for  this  report  and  may  be  requested  from 
AAMRL.  The  fixed-wing  and  rotary-wing  aircraft  used  filtered  Incandescent, 
filtered  electroluminescent  (EL),  and  blue  cockpit  lights  with  blue  second¬ 
ary  lights  to  achieve  NVG  use  compatibility. 

The  test  objectives  listed  In  Table  1  were  obtained  from  MAC  test  directives 

and  personnel  and  included  requirements  for  detailing  hardware,  software, 

* 

training,  and  operational  procedures.  A  special  objective  addressed  the 
possible  effects  of  levels  of  lunar  (moon)  Illumination  on  NVG  adequacy. 


HH-53H  (PAVE  LOW) 
HH-53B/C  (SLICK) 
UH-60A  (BLACKHAWK) 
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TABLE  1.  TEST  OBJECTIVES 


•  Determine  usefulness  and  potential  to  enhance  special  operations. 

•  Develop  syiribols,  symbol  format  for  each  aircraft  (or  mission  mode  when 
appropriate).  Minimize  the  number  of  symbols,  modes,  and  controls 
without  compromising  crew  safety  or  adding  to  crew  workload.  * 

•  Assess  effects  of  night  illumination. 

•  Develop  control  requirements. 

e  Determine  compatibility  with  current  mission  equipment. 

•  Develop  operational  procedures. 

•  Quantify  training  requirements. 
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Section  2 
METHOD 


This  section  summarizes  the  mission  planning  factors,  the  NVG/HUD  equipment, 
the  experience  levels  of  the  crews,  and  the  development  of  the  question¬ 
naires  used  for  subjective  ratings  on  system  performance. 

MISSION  PLANNING  FACTORS 


The  mission  planning  factors  that  affected  NVGs  during  special  low  level 
flight  usage  are  listed  in  Table  2. 

TABLE  2.  MISSION  PLANNING  FACTORS 


Factors 

Aircraft 

Altitude  (feet) 

Airspeed  (knots)* 

Sortie  Duration 
(hours)** 

C-141B 

500-1000 

230-300 

4 

C-130E 

•  500-1000 

210-220 

6-7 

MC-130E 

500-1000 

210-220 

6 

AC-130H 

6000 

190-200 

5 

HC-130P 

500-1000 

210-220 

5 

HH-53H 

50-500 

60-130 

4 

HH-538/C 

50-500 

60-130 

4 

UH-60A 

50-500 

60-150 

2 

SPECIAL  MISSION  REQUIREMENTS 

• 

• 

• 

• 

Air  Drops 

Blackout  Landings* 

Hover  Operations 

Aerial  Refueling 

• 

Full  Hoon  to  No  Moon  Conditions 

• 

3000-Foot  Ceiling,  3  nm 

Visibility  Minimums 

• 

* 

* 

Covert  Operations,  Operating  With  Minimum  Number  of 

Internal  and  External  Lights  Set  at  Lowest  Intensities 

♦Excludes  hover  airspeeds. 

♦♦Excludes  in-flight  refueled  sorties. 
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NV6/HUD  EQUIPMENT 


The  equipment  configuration  designed  for  the  flight  demonstration  Is  shown 
In  Figure  3  and  Is  described  In  more  detail  In  Appendix  A.  The  symbols  used 
for  each  aircraft  evaluation  are  shown  In  the  questionnaires  (Appendix  B) 
and  drawings  of  the  final  symbol  sets  proposed  for  fixed-wing  and  "rotary- 
wing  aircraft  are  shown  In  Figures  20,  21,  22,  and  23. 


Figure  3.  NVG/HUD  Configuration 


The  flight  Instrument  raw  signal  Information  was  collected  by  the  aircraft's 
signal  processing  computer,  converted  Into  Arlnc  429  formatted  data,  and 
transmitted  to  the  display.  The  display  unit  converted  the  data  to  a  sym¬ 
bolic  display  on  a  cathode-ray  tube  format.  The  symbology  display  was 
reflected  from  a  front  surface  mirror  to  a  relay  lens  which  focused  the 
Image  onto  a  flexible  fiber  optic  bundle.  The  bundle  transmitted  the  Image 
to  the  NVG  where  a  collimating  lens  moved  the  symbol  Image  to  optical  Infin¬ 
ity.  This  Image  was  then  reflected  from  a  beam  splitter  Into  the  NVGs.  The 
observer  viewed  the  Image  of  the  HUD  symbols  superimposed  over  the  outside 
view. 
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Several  modes  of  mission  oriented  information  were  included  as  pilot 
options.  Figures  4  and  5  shows  the  HUD  symbols  selected  for  the  transport 
and  helicopter  flights.  Generally,  for  modes  such  as  SEARCH  and  LANDING, 
the  number  of  symbols  was  reduced  to  avoid  cluttering  the  center  of  the  IR 
image  when  the  pilot  is  concentrating  on  ground  patterns  and  landmarks. 

Some  examples  of  special  features  of  the  symbology  are  listed  in  Table  3  and 
were  varied  for  several  of  the  aircraft. 


The  final  control  panel  used  by  the  pilots  is  shown  in  Figure  6.  The  panels 
were  positioned  at  various  cockpit  locations,  depending  on  the  type  of  air- 
craft.  A  design  goal  was  to  include  only  critical  pilot  control  functions 
and  automate  other  functions  {e.g.,  focus,  contrast). 

CREW  EXPERIENCE 

Table  4  summarizes  the  flight  experience  level  of  the  pilots  used  In  the 
study.  The  data  are  incomplete  because  of  Incompleted  questionnaires. 

The  number  of  pilots  fully  qualified  in  several  MAC  special  operations  units 
is  very  small.  For  example,  the  six  C-141B  aircraft  commanders  (ACs)  listed 
in  Table  4  represented  the  majority  of  the  total  C-141B  ACs  qualified  for 
this  mission.  In  general,  the  pilot  population  was  highly  experienced  in 

total  flight  time,  time  in  the  aircraft,  and  (except  for  combat)  time  with 
the  mission. 

QUESTIONNAIRES 

The  same  MAC  questionnaire  (Appendix  B)  was  used  to  obtain  pilot  experience 
and  comments  on  mission  adequacy  and  training  requirements.  Several  AAMRL 
developed  questionnaires  (Appendix  B)  were  used  to  obtain  five-point  ratings 
and  comments  on  symbols,  symbol  characteristics,  symbol  modes  and  controls, 
and  was  tailored,  where  appropriate,  for  each  aircraft.  [For  this  report/ 
the  term  "mode"  means  the  display  of  a  symbol  set  for  a  portion  of  a  mission 
(e.g.,  enroute  mode,  landing  mode)].  The  results  from  the  questionnaires 
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Figure  4.  HUD  Symbols  Used  for  Fixed-Wing  Flights 
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Figure  5.  HUD  Symbols  Used  for  Rotary-Wing  Flights 
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TABLE  3.  SPECIAL  SYMBOL  FEATURES 


Altitude 

Displays  barometric  or  radar  altitude,  radar  changes  In 
10-foot  increments  below  1000  feet,  100-foot  increments  above 

1000  feet. 

Fixed  Digit 

The  last  zero  for  altitude  and  vertical  velocity  is  an  , 
unchanging  zero  (0)  to  reduce  distraction  of  a  fast  changing 
digit. 

Pitch 

Over  10  degrees  of  pitch,  a  10 's  digit  Is  displayed  to  the 
left  of  the  aircraft  and  l's  unit  to  the  right. 

4  PUSHBUTTONS 

BARO  -  Selects  barometric  pressure 

MODE  -  Selects  symbol  set  for  mission  segment 

POWER  -  Turns  HUD  equipment  ON 

PITCH  -  Trims  the  aircraft  symbol  to  horizon 
bar  for  pitch  reference 

1  RHEOSTAT  (not  shown,  mounted  on  helmet) 
BRIGHTNESS  -  Changes  symbol  brightness 


Figure  6.  NVG/HUD  Controls 

are  presented  In  Table  4  (Pilot  Experience),  for  each  type  of  aircraft  In 
Section  3  (Results),  and  In  greater  detail  In  Appendix  C. 
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TABLE  4.  PILOT  EXPERIENCE 


c 

:-1418  C-130E 

HC-130E 

AC-130  HC-130P 

HH-53H 

HH-538/C 

UH-60A 

Number  of  Pilots 

6  5 

7 

1  2 

5 

2 

2 

Crew  Positions 

FEAC 

2 

1 

IP 

2 

2 

1 

Pilot 

1 

3 

3 

Total  night  Hrs  (mn)* 

2350 

1866 

950 

Months  NVG  ftiallfied  (mn) 

20 

**$0LL  II  Flight  Hrs  (mn) 

250 

Months  SOLI  11  Qualified  (mn) 

21 

*  (mn  •  average  mean) 

••Special  Operations  Low  Level  11  Includes  the  use  of  NVSs  for  night  airdrops  and  landings  under  blackout 
conditions. 
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Section  3 
RESULTS 


This  section  summarizes  the  pilots'  comments  on  the  NVG/HUO  system  and  their 
recommendations  for  system  modifications  and  procedures  for  operating  the 
equipment.  The  data  are  presented  as  average  ratings  (mean  =  sum  of 

ratlngs/n  of  respondents)  individually  for  each  aircraft,  in  the  order  the 
aircraft  were  flown. 

For  purposes  of  brevity,  the  crew's  comments  on  symbol  characteristics  have 
been  summarized  in  Figure  9.  Additional  pilot  ratings  and  comments  have 
been  included  in  Appendix  C.  The  crew's  terms  for  symbols  (e.g.,  heading, 
track,  and  mag  heading)  were  retained  for  the  report. 

Generally,  the  fixed-wing  and  rotary-wing  pilots  use  NVGs  to  maintain  an 
outside  scan  while  the  copilots  scan  inside  and  ensure  the  integrity  of 
aircraft  velocity  and  attitude.  Navigators  and  third  pilots  may  share 
inside  and  outside  vigilance  duties  in  fixed-wing  aircraft  and  verbally 
provide  critical  airspeed,  altitude,  and  range  values  to  the  pilot. 

C— 1418  FLIGHTS 


The  four-engine  C-141B  heavy  jet  transport  flies  Special  Operations  Low 
Level  II  (SOLL  II)  missions  that  include  night,  blacked-out  airdrops  or 

landings,  and  takeoffs  from  remote  fields  with  three  pilots,  two  of  them 
wearing  NVGs. 

The  fixed-wing  questionnaire  (Appendix  B)  was  used  to  obtain  the  pilot 
ratings  shown  in  Figure  7. 
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RATINGS  (mn) 


UNACCEPTABLE  ACCEPTABLE  EXCELLENT 


1  2  3  4  5 


SYMBOLS 
GROUND  SPEED 
PITCH  LADDER 
AIRCRAFT 
HORIZON 
IAS 

MAG  HEAD 
TRUE  TRACK 
DRIFT  ANGLE 
BARO  ALTITUDE 
VERTICAL  VELOCITY 
RADAR  ALTITUDE 

CONTROLS 

INTENSITY 

FOCUS 

BARO  ALTITUDE 
PANEL  LOCATION 


I 


n 


6 

5 

6 
6 
6 
6 
6 

4 
6 
6 

5 


5 

4 
3 

5 


Figure  7.  C-141B  Pilot  Ratings  of  Symbols  and  Controls  (Total  n*6) 


Using  the  five-point  rating  scale,  the  HUD  symbols  were  rated  as  being 
between  "more  acceptable"  and  “excellent''  except  for  the  drift  angle 
symbol.  The  three  system  controls  (to  adjust  intensity  and  focus  and  to 
reset  the  barometric  altimeter)  were  rated  as  more  than  acceptable.  The 
location  of  the  control  panel  was  rated  acceptable;  however.  Its  relocation 
was  also  recommended.  Visual  fatigue  was  rated  as  below  average  to  none  and 
display  contrast  as  being  adequate  for  most  night  sky  conditions  under 
various  levels  of  Illumination.  In  terms  of  the  system's  contribution  to 
mission  success,  the  pilots  generally  agreed  that  the  NVG/HUD  enhanced 
control  of  the  aircraft,  reduced  Interphone  communl cation  and  Increased 
flight  safety  (terrain  clearance). 
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C-130E  FLIGHTS 


The  C-130E  is  an  extended  range  version  of  the  C-130B  with  large  underwing 

fuel  tanks  and  is  equipped  with  an  Adverse  Weather  Aerial  Delivery  System 
(AWADS). 

In  addition  to  ratings  on  symbols  and  controls,  ratings  were  obtained  on 
symbol  sets  for  three  mission  modes  for  the  rest  of  the  aircraft  in  this 
report.  Figure  8  presents  the  ratings  of  adequacy  of  NVG/HUD  symbols  and 
controls  and  Figure  9  presents  the  ratings  on  mode  symbols. 

Four  pilots  rated  the  drift  angle  symbol  as  acceptable  but  did  not  use  it 
and  recommended  deleting  it  in  the  operational  system.  The  aircraft  symbol 
size  was  considered  too  small  to  be  seen  separate  from  the  horizon  symbol 
and  preferred  a  new  shape  (  or  )  that  was  closer  to  the  ADI  symbol.  The 
vertical  velocity  symbol  was  rated  as  desired  but  its  movements  during  the 
flight  were  erratic  and  unreliable.  For  the  standard  and  enroute  modes,  the 
sky  pointer  was  considered  superfluous,  and  IAS  was  recommended  to  replace 
TAS.  Critique  of  the  landing  mode  included  comments  on  deleting  the  mode, 
replacing  it  with  the  normal  mode,  and  deleting  mag  heading  and  the  lubber 
line.  Two  pilots  recommended  enlarging  the  symbol  area  ("doubling  It")  for 
easing  readability.  Control  panel  location  In  the  cockpit  was  considered 
acceptable;  however,  one  pilot  suggested  moving  It  to  the  forward  end  of  the 
pilot's  left  control  panel.  All  of  the  controls  were  rated  near  excellent, 
and  one  pilot  recommended  moving  the  mode  pushbutton  to  the  top  of  the  panel 
because  it  is  the  most  used  control. 
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Figure  8,  C-130E  Pilot  Ratings  of  Symbols  and  Controls  (Total  n*5) 
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Figure  9.  C-130E  Pilot  Ratings  of  Symbol  Modes  (Total  n-5) 
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MC-13GE  FLIGHTS 


The  NC-130E  {Combat  Talon)  aircraft  Is  a  low  level  penetration  version  of 
the  C-130E.  The  fifteen  aircraft  are  flown  by  special  operations  squadrons 
based  in  the  Philippines,  West  Germany,  and  Florida. 

Figures  10  and  11  present  the  HC-130E  pilot  ratings  on  symbols,  modes,  and 
controls.  The  NC-130E  pilots  rated  symbol,  symbol  sets,  and  controls  lower 
than  the  other  aircraft  pilots  In  this  study.  Several  pilots  suggested 
deleting  the  drift,  sky  pointer,  lubber  line,  baro  alt.  vertical  velocity, 
and  bank  angle  scale  symbols.  The  enroute  mode  was  recommended  for  deletion 
and  AGL  replaced  with  the  MSL  symbol.  Magnetic  heading,  lubber  line,  baro 
a  t,  and  vertical  velocity  symbols  were  recommended  for  deletion  In  the 
landing  mode.  The  control  panel  (and  particularly  the  mode  control)  was 
recommended  for  placement  nearer  to  or  on  the  control  yoke.  The  need  for  a 
pushbutton  method  of  controlling  baro  alt  and  pitch  were  rated  low.  The 
location  of  the  brightness  control  (on  the  helmet)  was  a  problem  for  some 
pilots.  Washout  of  the  Image  from  ground  lights  during  a  short  final; 
excessive  eye  fatigue  from  changing  focus  between  symbols  and  field;  some 
restraint  of  head  movement  from  the  helmet;  Integration  of  INS  Inputs  for 

navigation;  and  possible  body  movement  problems  In  an  emergency  were 
mentioned  by  the  pilots. 
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RATINGS  (inn) 
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,  Figure  10. 


MC-130E  Pilot  Ratings  of  Adequacy  of 
Symbols  and  Controls  (Total  n=7) 
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AC-130  FLIGHTS 


The  data  from  these  flights  were  not  available  and  are  not  reported  in  this 
study.  Queries  for  these  data  should  be  addressed  to  Jeffrey  Craig,  AAMRL. 


620 


HC-130P  FLIGHTS 


The  HC-130  is  an  extended  range  version  of  the  C-130  with  upgraded  engines 
and  specialized  search  and  rescue  equipment  for  the  recovery  of  aircrews. 
Twenty  HC-130s  were  modified  to  HC-130Ps  for  refueling  helicopters  in 
flight. 

Figures  12  and  13  present  the  HC-130P  pilot  ratings  on  symbols,  modes,  and 
controls.  The  sky  pointer  and  lubber  line  were  recommended  for  deletion  and 
increased  size  recommended  for  the  bank  angle,  horizon,  and  drift  symbols. 
Triangles  {▲}  were  suggested  for  the  sky  pointer  and  bank  angle  symbols. 

One  of  the  two  pilots  did  not  use  the  mode,  baro,  or  pitch  pushbuttons  and 
both  pilots  recommended  dual  controls  for  brightness. 

Possible  problems  in  moving  around  the  cockpit  in  an  emergency,  the  need  for 
checklist  calls  for  mode  selection,  and  display  tuning  problems  were  men¬ 
tioned  by  the  pilots. 
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Figure  12.  HC-130P  Pilot  Ratings  of  Symbols 

and  Controls  (Total  n=2) 
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Figure  13.  HC-130P  Pilot  Ratings  of  Symbol  Modes  (Total  n*< 


HH-53H  FLIGHTS 


Nine  HH-53CS  were  modified  to  HH-53H  aircraft  (PAVE  LOW)  for  night  and 
adverse  weather  operations.  Their  equipment  includes  a  stabilized  forward- 
looking  infrared  (FLIR)  system,  an  inertial  navigation  system,  a  new  Doppler 
navigation  system,  and  a  computer  projected  map  display  and  radar  from  the 

A-7D. 


Figures  14  and  15  present  the  HH-53H  pilot  ratings  of  symbols,  modes,  and 
controls.  The  time-to-go,  ground  speed,  true  heading,  and  distance-to-go 
were  rated  as  being  too  small.  Again,  for  all  of  the  modes,  many  of  the 
symbols  were  rated  as  being  too  small  in  size.  Ground  speed,  true  heading, 
steering,  and  radar  altitude  were  rated  as  the  most  required  symbols. 
Inadequacy  of  display  when  looking  toward  brightly  lighted  areas;  relocation 
of  symbols  to  edge  of  display;  need  for  symbols  focused  at  infinity;  eye 
strain  helped  by  changing  intensity,  relief  of  workload;  being  able  to  turn 
off  the  bright  FLIR  display  and  reduce  cockpit  illumination;  rotation  of  the 
NVG  tube  in  the  direction  of  the  hanging  bundle;  and  location  of  the  mode 
select  on  the  cyclic  stick  were  reported  by  the  pilots. 


624 


RATINGS  (mn) 


UNACCEPTABLE  ACCEPTABLE  EXCELLENT 


SYMBOLS 

GROUND  SPEED 
TRUE  HEADING 
HORIZON 
TF  BOX 
TIME 

WAYPOINT  STEERING  POINT 
DISTANCE  TO  GO 
RADAR  ALT 

CONTROLS 

NORMAL 

HOVER 

SEARCH 


5 


n 

5 

5 

5 

5 

4 

5 
5 
4 


3 

3 

3 


Fi9Ure  14-  KiSiS  <ntaT4,Adequacy  of  Symb0,s 


.  625 


NORMAL 

RATINGS  (mn) 


NOT 

REQUIRED 

1 


MODERATE 

REQUIREMENT 


ABSOLUTE 

REQUIREMENT 

5 


GROUND  SPEED 
HEADING 
HORIZON 
RADAR  ALT 

WAYPOINT  STEERING  BAR 
DISTANCE  TO  GO 
TIME 

AIRCRAFT 
TF  BOX 


GROUND  SPEED 

HEADING 

DISTANCE  TO  GO 

RADAR  ALT 

VVI 

TIME 

VELOCITY  VECTOR 
LOCAL  VERTICAL 


HOVER 

I 


GROUND  SPEED 
HEADING 
DISTANCE  TO  GO 
TIME 

RADAR  ALT 


SEARCH 


Figure  15.  HH-53H  Pilot  Rating  Symbol  Modes  (Total  n=5) 
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HH-53R/C  FLIGHTS 


The  HH-53B  twin  turbine  heavy  lift  helicopter  was  ordered  for  the  rescue  and 
recovery  service.  It  has  all-weather  avionics  and  armament  and  is  faster 
and  larger  than  the  Jolly  Green  HH-3Es.  The  helos  can  carry  38  passengers 
at  170  knots. 

Figures  16  and  17  present  the  HH-53B/C  pilot  ratings  on  symbols,  modes,  and 
controls.  Based  on  two  pilot  subjects,  the  ground  speed,  mag  heading, 
distance-to-go,  and  radar  altitude  symbols  were  rated  as  being  too  small  in 
vertical  size.  The  velocity  vector  and  steering  bar  symbols  were  inopera¬ 
tive  and  not  rated.  Time-to-next -way point  was  rated  as  not  needed  in  the 
hover  mode.  The  mode  pushbutton  was  recommended  for  a  yoke  location.  Mag¬ 
netic  heading  and  radar  altitude  were  rated  as  the  most  required  symbols. 
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Figure  16.  HH-53B/C  Pilot  Ratings  of  Adequacy  of 
Symbols  and  Controls  (Total  n=2) 
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Figure  17.  HH-53B/C  Pilot  Ratings  of  Symbol  Modes  (Total  n=2) 
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UH-60A  FLIGHTS 


The  Blackhawk  is  a  twin  turbo  powered,  184  mph,  11  passenger  helo  equipped 
with  standard  U.S.  Army  configurations  for  conducting  special  operations 
missions  deep  behind  enemy  lines,  in  darkness  or  bad  weather,  and  at  treetop 
level . 

Figures  18  and  19  present  the  UH-60A  pilot  ratings  on  symbols,  modes,  and 
controls.  Both  of  the  UH-60A  pilots  recommended  larger  ground  speed,  time, 
and  distance-to-go  symbols.  Scale  changes  of  radar  altitude  were  suggested 
for  hover  and  search  modes.  IAS  was  recommended  rather  than  ground  speed 
for  normal  and  search  modes  and  not  required  for  the  hover  mode.  Real-time 
in  Zulu  and  deletion  of  VVI  in  hover  were  suggested.  Heading,  distance-to- 
go,  and  the  steering  bar  were  rated  as  the  most  required  symbols.  Slight 
eyestrain;  need  for  VVI  information;  movement  of  the  power  cord;  lag  in  bank 
angle  response  of  the  symbol;  and  "spreading  out"  of  the  symbol  array  was 
mentioned  by  the  pilots. 
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Figure  18.  UH-60A  Pilot  Ratings  of  Symbols  and  Controls  {Total  n=2) 
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normal 

ratings  (mn) 


ADEQUACY  OF  NOT 

modes  required 


MODERATE  ABSOLUTE 

REQUIREMENT  REQUIREMENT 


1 

ro 

w 

5 

GROUND  SPEED 

i  i _ _ 

HEADING 

i  i 

HORIZON 

i  i 

RADAR  ALT 

i 

1 

WAYPOINT  STEERING  BAR 
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1 

DISTANCE  TO  GO 

-  1 

1 

TIME 

i 

AIRCRAFT 

i  l 

TF  BOX 

l 

1  1 

HOVER  1 

1  1 

GROUND  SPEED 

.  l  -i _ ,  i 

HEADING 

i  i 

DISTANCE  TO  GO 

I  i  ZZ  i 

RADAR  ALT 

i  3  i 

VVI 
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TIME 
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F.igure  19.  UH-60A  Pilot  Ratings  of  Symbol  Modes  (Total  n=2) 


SYMBOL  CHARACTERISTICS  FOR  ALL  FLIGHTS 


For  brevity  and  comparisons,  ratings  on  symbol  characteristics  for  all  of 
the  aircraft  are  included  in  Table  5.  Symbol  characteristic  ratings  were 
not  obtained  for  the  first  aircraft,  the  C-141B,  and  the  data  were  not  ' 
available  for  the  AC-130  aircraft. 

Insufficient  size  of  some  symbols  (e.g.,  ground  speed,  drift),  deletion  of 
some  symbols  for  some  modes  (e.g.,  vertical  velocity,  sky  pointer),  shape 
and  size  of  the  fixed  aircraft  symbol,  size  and  location  of  the  distance-to- 
go  symbol,  and  shape/size/scale  rate  of  movement  for  the  bank  angle  symbol 
were  rated  for  changes.  However,  such  recommendations  may  be  specific  to 
the  type  of  aircraft  and  its  special  mission  requirements,  as  well  as  dif¬ 
ferences  between  the  visual  information  requirements  for  fixed-wing  and 
rotary-wing  aircraft  at  various  airspeeds  (0  to  300  knots).  A  high  number 
of  no  change"  responses  can  be  interpreted  as  being  firm  symbol  require¬ 
ments  for  an  aircraft. 
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TABLE  5.  RATINGS  ON  SYMBOL  CHARACTERISTICS  (ALL  AIRCRAFT) 


(Total  n)  (5) 


C-130E  MC-130E  HC-130P  HH-53H  HH-53B/C  UH-60 


Would  You  Change 

Ground  Speed 
Size 

Location 
Width 
Movement 
Add  a  Scale 
Delete 


Yes  No  Yes  No  Yes  No  Yes  No  Yes  No  Yes  No 


Mag  Heading 
Si  ze 

Location 


Delete 

Scale  Movement 
Delete  the  Scale  or 
Lubber  Line 
Add  a  Label 

Heading 

Size 

Location 

Width 

Delete 

Pitch  Ladder 
Internal 
Length  of  Steps 
Number  of  Steps 
Label  Steps 

|  A1 rcraft 

Change  Shape  To 


Horizon 


Width 

Location 

Movement 

Delete 


3  2 


4  1  2 
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TABLE  5.  RATINGS  ON  SYMBOL  CHARACTERISTICS 
(ALL  AIRCRAFT)  (continued) 


C-130E  HC-130E 

HC-13QP 

HH-53H 

HH-53B/C 

UH-60 

(Total  n)  (5)  (7) 

(2) 

(5) 

(2) 

(2) 

Would  You  Change  Yes  No  Yes  No 

Yes  No 

Yes  No 

Yes  .  No 

Yes  No 
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C-130E 

MC-130E 

HC-130P 

HH-53H 

HH-53B/C 

UH-60 

(Total  n)  (5) 

(7) 

(2) 

(5) 

(2) 

(2) 

Would  You  Change  Yes  No 

Yes  No 

Yes  No 

Yes  No 

Yes  No 

Yes  No 
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TABLE  5. 


RATINGS  ON  SYMBOL  CHARACTERISTICS 
(ALL  AIRCRAFT)  (continued) 


Would  You  Change 


C-130E 

(Total  n)  (5) 

Yes  No 


HC-130E 

(?) 

Yes  No 


Time 
Si  ze 
Shape 
Location 
Width 
Delete 

Aircraft 
Size 
Shape 
Location 
Movement 
Delete 

Waypoint  Steering  Point 
Size 
Shape 
Location 
Movement 
Width 
Delete 

Bank  Angle 
Shape 
Size 
Scale 

Pate  of  Movement 
Add  a  Label 
De 1 ete 


Sky  Pointer 
Shape 
Size 
Scale 
Movement 
Delete 


HC-I30P 

(2) 

Yes  No 


HH-53H 

(5) 

Yes  No 


2 

2 

1 

2 
1 
2 


5 

5 

5 

5 

4 

5 


1  1 


2 

3 


2 

2 

2 

2 

2  2 


HH-S3R/C 

12} 

Yes  No 


1  i 
I  1 
1  1 
l  1 
2 
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Section  4 
CONCLUSIONS 

This  section  addresses  the  fulfillment  of  the  seven  test  objectives  listed 
in  Table  1.  Also,  some  recommendations  are  made  for  considering  the  use  of 
the  device  for  other  aircraft  and  missions. 

In  general,  the  pilots  accepted  the  device  as  favorably  affecting  mission 
success,  wanted  larger  symbols,  recommended  relocating  the  symbols  to  the 
edge  of  the  field-of-view,  and  changing  the  symbol  focus  to  infinity;  and 
some  fixed-wing  and  rotary-wing  pilots  suggested  a  two-mode  rather  than 
three-mode  concept.  The  two-mode  concept  (Figures  20  through  23)  were  pro¬ 
posed  as  final  prototypes  for  fixed-wing  and  rotary-wing  aircraft. 

USEFULNESS  OF  NVG/HUD  FOR  SPECIAL  OPERATIONS  (OBJECTIVE  1) 

The  pilots  rated  the  NVG/HUD  as  being  useful  for  improving  mission 
performance  as  follows; 


IMPROVING  MISSION  PERFORMANCE 


Ai  rcraft 

Yes 

No 

Fixed -Wi ng 

8 

1 

1 

n 

Rotary-Wi  ng 

/ 

V 

15 

1 

and  included  the  major  advantages  and 

disadvantages  shown 

below  (rank 

ordered  for  frequency  of  response): 

Fixed- 

Rotary- 

Advantages  of  Using  NVG/HUD 

Wing  (n) 

Wi  ng  (n 

Approaches  and  Landings 

8 

1 

o 

Night  Navigation 

5 

Z 

l 

Increases  Safety 

4 

Better  Control  of  Aircraft 

3 

A 

Everything 

3 

Air  Drops 

1 

1 

Hover 
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Disadvantages  of  Using  NVG/HUD 

Fixed- 
Wing  (n) 

1 

Rotary 
Wing  ( 

Makes  Runway  Acquisition  Difficult 

Degrades  Map  Reading 

1 

Landing  Pilot  has  to  Refocus 

1 

The  majority  of  the  pilots  who  responded  (94  percent)  recommended  the 
NVG/HUD  as  being  useful  for  improving  their  mission  performance. 

PROPOSED  SYMBOLS,  SYMBOL  MODES  (OBJECTIVE  2) 

A  majority  of  the  pilots  recommended  expanding  the  HUD  14-degree  instant 
field -of -view  (IFOV)  within  the  40-degree  IFOV  of  the  NVG  goggle.  This 
section  includes  AAMRL's  proposed  symbols  for  fixed-wing  and  rotary-wing 
aircraft  and  includes  a  two-mode  concept  for  symbol  modes. 

The  symbols  and  symbol  modes,  shown  in  Figures  20  and  21,  are  proposed  as 
test  candidates  for  fixed-wing  and  rotary-wing  aircraft.  Differences  in 
symbol  scaling  or  movement  for  each  aircraft  are  indicated  in  parentheses 
(e.g.,  HH-53H) ,  where  appropriate.  The  selections  were  based  on  pilot 
debriefs,  questionnaire  responses,  and  consultations  with  MAC  personnel. 
Individual  aircraft  with  unique  symbol  requirements  were’reported  in  summary 
form  (Section  3)  and  for  each  pilot  participant  (Appendix  C).  Each  NVG/HUD 
application  may  have  to  be  tailored  to  unique  signal  interface  and  maneu¬ 
vering  requirements,  and  these  data  may  serve  as  a  source  for  selecting 
symbol  and  symbol  mechanization  requirements. 
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Index 

Symbology 

Function 

1 

Indicated 

A1 rspeed 

Olsplays  airspeed  in  1  knot  Increments  for  full 
range  of  aircraft  airspeeds. 

2 

Course 

Steering  Bar 

Provides  left/right  waypoint  steering  areas  in 
relation  to  the  course  steering  Index.  Full  scale 
displacement  Is  40  degrees. 

3 

Magnetic 

Heading 

Displays  aircraft  heading  In  l-degree  Increments 
from  000  degree  to  360  degrees. 

4 

True  Track 
(C-141B  Only) 

Displays  desired  true  track  in  l-degree  Increments 
from  000  degree  to  360  degrees. 

5 

Drift  Angle 

Displays  left/right  drift  against  fixed  scale  of 
10-degree  Increments. 

6 

Barometric 

Altitude 

Displays  altitude  In  10-foot  Increments  from 

0000  feet  to  9990  feet. 

; 

Vertical 

Velocity 

Olsplays  velocity  In  10  feet  per  minute  Increments 
In  thousands  fpm  (750  fpm  is  displayed  as  .75). 

8 

Ahsolute 

Altitude 

Displays  radar  In  10-foot  increments  at  or  below 

300  feet  and  20-foot  increments  above  3UO  feet 
from  000  feet  to  999  feet. 

9 

Bank  Angle 

Olsplays  10,  20t  30.  and  60  degrees  of  bank. 

10 

Ground  Speed 

Displays  speed  In  1  knot  increments  for  full  range 
of  aircraft  speeds. 

11 

Pitch  Ladder 
Graduations 

With  Artifi¬ 
cial  Horizon 

Displays  horizontal  pitch  graduations  In  b-degree 
Increments  from  0  to  90  degrees. 

12 

Numeric  Pitch 

Displays  pitch  at  10  degrees  and,  thereafter.  In 

1  degree  increments  from  10  degrees  to  90  degrees. 

13 

Aircraft  Symbol 

Fixed  symbols. 

Figure  20.  Proposed  Symbol  Sets  for  Fixed-Wing  Aircraft,  Mode  1 
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Index 

Symbology 

^unction 

1 

2 

3 

4 

5 

6 

1 

8 

indicated 

airspeed 

Magnetic 

Heading 

True  Track 
(C-141B  Only) 

Drift  Angle 

Barometric 

Altitude 

Vertical 

Velocity 

Barometric 

Altitude 

Ground  Speed 

°xv,  ass;  '«•  »•" 

KS'SS  SZZ'LIX'Z.Z!*'” 

S'ss  '-r— * 

«s's.*«,,ss! « -™. 

E’sJaa-tfA'itfs  ass-jrsr- 
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S':!K.?rsji:  i“'  '«■  r.-» 

Figure  21. 


Proposed  Symbol  Sets  for  Fixed-Wing  Aircraft,  Mode  2 
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1  2  3 


8  7 


Symbology 


Ground Speed 

Course 
Steering  l*r 


Head!  ng 


Couree 

Steering  Index 


Distance  to 
Halt  Waypolnl 


Radar 

Altitude  Tape 


Horliun 

Bet 


Aircraft 

Bef erenee 


Tin  to 
Naat  Neypolnt 


Bos 

Aeferenoe 


Diapleye  gimmdepeed  In  1  knot  (itcrennta. 

Provide!  lett/right  waypoint  steering  cues 
In  relation  to  the  course  steering  index. 
Tull  scale  displacement  is  *  20  degrees. 

■**«*•**  h«sait»g  In  degrees  true 
(NN-53II)  or  Magnetic  (UN-60A  and  MH-13B/C) 
in  1  degree  increments. 

Provides  a  center  index  for  the  course 
Steering  her. 

Displays  the  distance  to  go  to  the  next 
selected  waypoint  in  0.1  nautical  nils 
Increments, 

Displays  the  radar  altitude  in  IS  feet 
Increments  fro*  0  to  200  fast,  loo  fast 
increments  from  200  to  iflO  feat,  and  200 
feet  incremente  (com  COO  to  1,000  feet. 

Provides  an  artificial  earth  horixon 
rafarenca. 

(HB-43H)  Beprexenta  tha  aircraft  flight 

Kth  vector  or  aircraft  velocity  vector  and 
fixad  at  tha  centar.  (UH-fOA  and 
M'SSI/C)  Bepraaenta  tha  aircraft  attitude 
and  below  10  nautical  allee-per-hout  also 
repreaenta  tha  aircraft  drift  with  respect 
to  tha  box  reference.  The  aircraft 
reference  is  fixed  at  tha  centar. 

Displays  the  time  in  ainutee  and  seconds  to 
tha  next  aalacted  waypoint  baaed  on  the 
existing  groundspeetf. 

Bepraaenta  tha  terrain  (ol towing 
a l lab/dive  command  or  the  computed  local 
vertical.  (UH-40A  and  OI-53B/C)  Below 
10  nautical  ml lee -par -hour  grounds peed  the 
box  repreaente  e  drift  reference  for  the 
aircreft  symbol .  Above  10  nautical  miles- 
per -hour  the  box  disappears. 


Figure  22. 


Proposed  Symbol 
Normal  Mode 


Sets  for  Rotary-Wing  Aircraft, 
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Symbology 

Function 

Grounds peed 

Displays  groundspeed  in  1  knot  increments. 

Heading 

aircraft  heading  in  degrees  true 

Distance  to 

Next  Waypoint 

selected  tH*  d}*ta?e*  to  9°  to  the  next 
“«»:!t",poini  in  °-1  n“““i  ■“*« 

Radar 

Altitude 

?i!pUyVh!  rad*r  altitude  in  l  foot 
increments  from  D  to  50  feet.  5  feet 
increments  from  50  to  100  feet,  and  10  feet 
increments  above  100  feet.  6 

Time  to 

Next  Waypoint 

thePn«t  «»  ln  *inutes  and  seconds  to 

"Ss.:;riM  b,“a  “  “• 

Course 

Steering  Index 

tr**'  1",1“ <ot  **• 

Course 

Steering  Bar 

in0rel!tion*e«rJkht  w*ypoint  *t«ering  cues 

rull  sMia  af-  ,the  cour*?  Peering  index, 
run  scale  displacement  is  ±  20  degrees 

Figure  23. 


Proposed  Symbol 
Search  Mode 


Sets  for  Rotary-Wing  Aircraft, 
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Symbol  Requirements  _f  o r  A1 1  Ai rcraft 

Figures  24,  25,  and  26  include  pilot  responses  averaged  (means)  for  each 
type  of  aircraft.  These  data  are  not  included  for  design  decisions  which 
are  considered  to  be  aircraft  specific  but  rather  for  research  personnel 
examining  visual  information  requirements  for  night,  VFR,  low  altitude* 
flight. 

Figure  24  presents  the  adequacy  of  the  HUD  symbols  for  both  classes  of 
aircraft.  The  presentation  of  baro  altitude,  bank  angle,  and  vertical 
velocity  in  fixed-wing  aircraft  and  ground  speed,  real-time  (clock  time), 
and  vertical  velocity  were  considered  marginal  and  in  need  of  change  of 
shape,  movement,  or  deletion. 

Figures  25  and  26  present  pilot  ratings  for  symbol  requirements  for  low 
level,  night  VFR  flight.  For  fixed-wing  aircraft  (Figure  25),  true  with  mag 
heading  and  lubber  line  symbols  for  the  normal  mode;  bank  angle,  true  with 
mag  heading,  drift,  and  sky  pointer  symbols  for  the  enroute  mode;  and  baro 
alt  and  the  lubber  line  symbols  for  the  landing  mode  may  not  be  significant 
requirements.  For  rotary-wing  aircraft  (Figure  26),  only  VVI  and  time  to 
next  waypoint  symbols  in  the  hover  mode  were  rated  below  moderate  require¬ 
ment.  An  engineer  selecting  symbols  for  new  devices  might  consider  the 
symbols  rated  as  absolute  requirements  as  being  a  minimum  symbol  set  and  the 
priorities  between  moderate  and  absolute  requirements  for  selecting  a  mode 
oriented  set  of  symbols. 

ADEQUACY  OF  DEVICE  FOR  LEVELS  OF  NIGHT  ILLUMINATION  (OBJECTIVE  3) 

Moon  disc  size  for  the  flights  was  estimated  by  the  pilots  to  average 
45  percent  (range  =  no  moon  to  98  percent,  n  =  10)  and  effective  ground 
illumination  from  moonlight  to  average  40  percent  (range  =  10  to  100  per¬ 
cent,  n  =  13).  Visibility  for  all  of  the  flights  was  reported  as  clear 
(unlimited)  with  high  scattered  clouds  from  10  to  25,000  feet. 

* 

The  majority  of  the  pilots  considered  the  HUD  display  as  being  adequate  for 
all  night  sky  illumination  conditions  (overcast  to  full  moon). 
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FIXED-WING  AIRCRAFT  (MC-130E  AND  HC-130P) 

t 

RATINGS  (mn) 


UNACCEPTABLE  ACCEPTABLE 

12  3  4 


GROUND  SPEED 
PITCH  LADDER 
AIRCRAFT 
HORIZON 
IAS 

HEADING 
DRIFT 
BARO  ALT 
VVI 

RADAR  ALT 
BANK  ANGLE 
SKY  POINTER 


GROUND  SPEED 
HEADING 
HORIZON 
AIRCRAFT  (H-60) 

DISTANCE  TO  GO 
TF  COMMAND  (HH-53H) 

RADAR  ALT 
TIME  (HH-53H,  H-60) 

TIME  TO  NEXT  WAYPOINT  (HH-53B/C) 

WAYPOINT  STEERING  POINT 

VVI 


J 

_ 

j 

. 

1 

1 

1 

I 

IG  AIRCRAFT 

1 

J 

ROTARY-WIN 

1 

P 

] _ 

I 


Figure  24.  Adequacy  of  HUD  Symbols 


EXCELLENT 

5 


I 


I 


NORMAL  (MC-130E,  HC-130P) 
RATINGS  (mn) 


NOT  MODERATE  ABSOLUTE 

REQUIRED  REQUIREMENT  REQUIREMENT 


1  2  3  4  5  n 


PITCH 

BANK  SCALE 
HEADING 
VERT  VEL  SCALE 
GROUND  SPEED 
IAS 

MAG  HEAD 
RADAR  ALT 
BARO  ALT 
VERT  VEL  DIGITS 
LUBBER 
DRIFT 
AIRCRAFT 
BANK  POINTER 
SKY  POINTER 


PITCH 

BANK  SCALE 
HEADING 
GROUND  SPEED 
IAS 

MAG  HEAD 

BARO  ALT 

LUBBER 

DRIFT 

AIRCRAFT 

BANK  POINTER 

HQ 


7 

7 

7 

7 

7 

7 

6 

7 

7 

7 

7 

7 

7 

7 

7 


6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 


LANDING  (MC-130E,  HC-130P) 


VERT  VEL  SCALE 
IAS 

MAG  HEAD 
BARO  ALT 
RADAR  ALT 
VERT  VEL  DIGITS 
LUBBER 
DRIFT 

VERT  VEL  PblNTER 


8 

8 

8 

8 

8 

7 

8 
8 
8 


Figure  25.  Symbol  Requirements  for  Fixed-Wing  Aircraft 
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NORMAL 

RATINGS  (mn) 


NOT  MODERATE  ABSOLUTE 

REQUIRED  REQUIREMENT  REQUIREMENT 


1  2  3  4  5 

GROUND  SPEED  1  1  I 

TRUE  HEAD  1  "1 _ 

MAG  HEAD  I _ _ 

HORIZON  I  1  I 

RADAR  ALT  I  "1  | 

WAYPOINT  STEERING  BAR  I  1  I 

STEERING  BAR  I  I  I 

DISTANCE  TO  GO  1  1  1 

TIME  I  1  _ j 

TIME  TO  NEXT  WAYPOINT  _ | _ _ 

AIRCRAFT  I _  I 

TF  BOX  1  I 

VELOCITY  VECTOR  I  I _ 

RADAR  ALT  I _ 


HOVER 

l 

i 

i 

GROUND  SPEED 

1 

TRUE  HEAD 

1 

MAG  HEAD 

1 

DISTANCE  TO  GO 

RADAR  ALT 

1  1  1 

VVI 

f 

1 

TIME 

1 

VELOCITY  VECTOR 

1 

LOCAL  VERTICAL 

i 

_ 1 

STEERING  BAR 

1 

TIME  TO  NEXT  WAYPOINT 

1 

TF  BOX 

_ L_ _ 1 

SEARCH 

_ I _ 


GROUND  SPEED 
TRUE  HEAD 
MAG  HEAD 
DISTANCE  TO  GO 
TIME 

RADAR  ALT 

SJEERING  BAR 

TIME  TO  NEXT  WAYPOINT 


Figure  26,  Symbol  Requirements  for  Rotary-Wing  Aircraft 


CONTROL  REQUIREMENTS  (OBJECTIVE  4) 


The  five  controls  shown  in  Figure  6  (for  power,  pitch  adjust,  mode  select, 
barometric  adjust,  and  brightness  adjust  (on  the  helmet)  are  proposed  for  an 
NVG/HUD  specification.  On  a  vertically  aligned  panel,  the  mode  button  was 
recommended  for  the  top  position  (unless  the  panel  is  overhead)  and  for  the 
nearest  position  to  the  pilot  for  horizontally  aligned  buttons.  Individual 
pilots  recommended  the  mode  button  be  installed  on  the  cyclic,  run  the  optic 
cable  on  top  of  the  helmet,  and  add  a  control  for  symbol  intensity.  All  of 
the  eight  rotary-wing  pilots  said  that  operation  of  the  NVG/HUD  controls  did 
not  interfere  with  any  other  equipment  nor  did  the  operation  of  other  equip¬ 
ment  interfere  with  operation  of  the  NVG/HUD.  The  optic  bundles  might 
impede  movement  in  the  cockpit  in  an  emergency. 

COMPATIBILITY  WITH  CURRENT  EQUIPMENT  (OBJECTIVE  5) 

A  microprocessor  based  data  collection  and  formatting  unit  was  developed  to 
provide  interfaces  to  all  of  the  required  sensor  data.  Signals  were  scaled 
and  formatted  to  an  ARINC  429  standard  for  transmission  to  a  symbol  genera¬ 
tor.  Software  was  prepared  using  assembly  language  for  each  aircraft. 
Generally,  pitch  and  roll  signals  were  derived  from  attitude  gyros;  heading 
from  a  directional  gyro;  radar  altitude  from  a  radar  altimeter;  navigation 
data  from  a  doppler  radar;  and  attitude,  airspeed,  and  vertical  velocity 
from  pitot-static  systems.  Installation  downtimes  were  minimized  by  the 
introduction  of  a  common  data  collection  and  formatting  unit. 

OPERATIONAL  PROCEDURES  (OBJECTIVE  6) 

The  fixed-wing  pilots  commented  on  the  probable  elimination  of  communication 
from  the  copilot  and  radar  navigator  to  the  pilot  (especially  concerning 
airspeed  and  altitude)  (MC-130E);  both  pilots  could  simultaneously  use 
goggles  on  the  entire  mission  (HC-130P)  and  its  use  would  promote  more 
aggressive  flying  (HC-130P).  The  rotary-wing  pilots  also  commented  on  the 
reduction  of  communication  requirements,  the  reduction  of  light  in  the 
cockpit  by  turning  off  the  bright  FLIR  display,  and  its  aid  as  an  instruc¬ 
tors'  device;  however,  crew  coordination  would  have  to  be  increased  for 
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Night  Recover  System  (NRS)  equipped  aircraft  that  requires  the  flight 
engineer  to  operate  a  camera.  Formal  checklist  requirements  for  tuning  and 
checking  the  device  and  copilot  calls  to  the  pilot  to  change  modes  ("before 
takeoff,  before  landing")  were  recommended. 

TRAINING  REQUIREMENTS  (OBJECTIVE  7) 

Table  6  summarizes  pilot  recommendations  for  training  requirements  (one  to 
three  flights)  for  NVG  qualified  pilots. 


TABLE  6.  TRAINING  REQUIREMENTS 


Ai rcraft 

Pilot  Comments 

n 

MC-130E 

One  ride  (one  low  approach  or  until  comfortable. 

one  flight  of  2  hours). 

Two  rides  (minimum  of  four  landings  and  one 

3 

I 

go-around  each  ride). 

1 

HC-130P 

No  special  requirement. 

1 

Two  rides  (with  an  IP). 

1 

Rotary 

One  ride  [2-hour  sortie  after  a  training 
session,  include  a  new  sortie  with  approaches 

and  hovering  over  a  landing  zone  (LZ)]. 

One  to  two  rides  (include  terminal  operations, 
low  level  formation,  terrain  masking,  and 

2 

refueling). 

2 

Two  to  three  rides. 

2 

NVG/HUD  APPLICATION  CONSIDERATIONS 


The  impetus  for  the  use  of  night  vision  optics  started  with  the  use  of  hand¬ 
held  starlight  scopes  with  the  U.S.  Army  ground  and  air  forces  in  Vietnam. 
The  Air  Force  soon  adopted  handheld  and  gimballed  TV  and  IR  devices  in  a 
variety  of  recon  and  strike  aircraft.  The  astonishing  success  of  side¬ 
firing  aircraft  in  Vietnam  (Ballard,  1982)  and  later  in  Grenada,  confirms 
the  necessity  for  having  a  night  VFR  target  detection  and  strike  capabil¬ 
ity.  The  requirement  for  penetrating  a  high  threat,  night,  Warsaw  Pact 
conflict  with  low  level  tactics  has  been  well  documented  and  will  doubtless 
proliferate  the  use  of  night  optics  into  future  systems. 
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Future  developers  should  consider  the  NVG  factors  listed  in  Table  7  as  the 
three  services  move  into  airborne  low  level  night  operations. 


TABLE  7. 


NVG/ HUD  APPLICATION  CONSIDERATIONS 


Factors 

Comments 

Field 

of  View 

Restrictions  of  FOV  (40  degrees  for  Generation  III  NVG) 
may  affect  scanning  patterns  and  target  acquisition 
capabilities.  Any  restriction  of  the  aft  or  high  scan 
envelope  may  directly  affect  formation,  refueling,  or 
air  combat  maneuvers. 

Visual 

Fatigue 

Anticipate  visual  fatigue  problems  because  of  the 
monocular  presentation  and  close  focused  symbols  super¬ 
imposed  over  an  image  at  infinity.  Some  pilots  may 
reduce  cross  checks  and  tend  to  focus  on  the  close 
symbols. 

Helmet  Weight 

Physiological  fatigue  for  some  pilots  is  increased  with 
increased  helmet  weight  and  type  of  weight 
distribution. 

Optics 

Bundles 

The  bundles  may  limit  head  movements  and  body 
movements. 
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SUMMARY 

Standard  night  vision  goggles  were  modified  to  accommodate  a 
visual  display  similar  to  that  employed  in  aircraft  Heads-Up 
Displays  (HUDs),  Primary  users  of  this  device  are  Military 
Airlift  Command  (MAC)  pilots  flying  low  level  special  operations. 
During  use,  the  pilot  sees  a  thermal  image  of  the  ground,  with 
critical  flight  path  and  attitude  information  symbolically 
displayed  on  the  scene.  This  modification  allows  the  pilot  to 
fly  at  very  low  levels  at  night  without  having  to  look  inside  in 
the  cockpit.  This  paper  relates  the  process  of  design  and 
fabrication  of  the  HUD  optics  and  the  selection  of  the  heads-up 
symbols  (e.g.,  airspeed,  altitude,  heading)  for  transports  and 
helicopters.  It  also  reports  the  first  successful  trials  on  a  C- 
141B  jet  transport. 


INTRODUCTION  AND  BACKGROUND 

This  report  documents  the  development  and  first  application 
of  NVGs  modified  with  HUD  symbols  for  flying  night,  visual  flight 
rule  (VFR) ,  low  level  operations.  The  NVG/HUD  combines 
monocularly  presented  flight  symbology  with  a  binocular  view  of 
the  outside  scene.  Development  and  construction  of  the  devices 
associated  with  the  NVG/HUD  were  performed  at  the  Air  Force 
Aerospace  Medical  Research  Laboratory  (AFAMRL) . 

The  NVG/HUD  is  presently  used  by  pilots  flying  jet  and 
turbo-powered  cargo  aircraft,  as  well  as  pilots  of  conventional 
helicopters.  Flight  testing  was  performed  during  night  sorties 
in  South  Carolina  and  Florida.  Structured  questionnaries  and 
interviews  are  used  to  guide  design  changes,  suggest  training 
requirements,  and  assess  pilot  acceptance. 

Characteristics  and  use  of  NVGs 


Godfrey  (1982)  described  the  development  and  use  of  NVGs  in 
military  crewstations. 

"NVGs  have  now  attained  a  level  of  sophistication 
such  that  aircraft  can  be  safely  and  comfortably 
flown  using  these  devices.  NVGs  operate  by 
•amplifying  reflected  low  intensity  visible  and  near 
infrared  (invisible)  light.  The  goggles  most  commonly 
referred  to  are  AN/PVS-5  (Generation  II)  and  ANVIS 
(Generation  III)  (Aviators  Night  Vision  imaging 
System).  Generation  II  goggles  can  be  helmet-mounted 
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but  are  rather  heavy  and  awkward.  The  user  must  see 
everything  through  them  including  cockpit  instrumen¬ 
tation.  The  Generation  II  produces  a  bright  target 
image  at  light  levels  as  low  as  quarter  moon 
illumination.  The  latest  NVGs  (Generation  III)  are 
helmet-mounted,  lightweight,  and  well  balanced  so 
that  the  person  wearing  them  can  operate  unhindered. 
The  design  permits  use  of  the  goggles  to  produce  a 
clear  green  picture  of  the  world  around,  while  at  the 
same  time  permitting  use  of  the  naked  eye  to  look 
under  the  goggles  and  read  instrumentation  or  other 
information.  Generation  III  NVGs  produce  a  bright 
target  image  at  light  levels  as  low  as  starlight 
illumination. " 


As  with  any  new  technology  introduced  into  areas  as  complex 
as  an  aircraft  crewstation,  there  are  a  number  of  problems  which 
must  be  resolved.  The  most  significant  problem  is  the  light 
which  is  enhanced  to  produce  a  picture  of  the  outside  world.  The 
wavelength  of  this  light  is  between  600  to  900  nm.  This  means 
that  incandescent  lamps  or  any  other  light  whose  wavelength  is 
longer  than  approximately  525  nm  (green  light  output)  will  also 
be  amplified  and  interfere  with  the  image  of  the  outside  scene. 
Yellows,  reds,  and  infrared  either  "blind"  the  goggles  or  cause 
them  to  protectively  shut  down  much  as  the  unaided  eye  adapts  to 
very  bright  light.  The  response  of  these  goggles  is  shown  in 
Fig.  1. 
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Figure  1.  Response  of  night  vision  goggles. 
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Characteristics  of  the  NVG/HUD 

AFAMRL  solved  the  problem  of  flying  very  low  levels,  at 
night,  by  providing  HUD  symbols  on  a  combining  glass  over  one  of 
the  goggle  eyepieces.  The  concept  was  to  provide  sufficient 
position  and  attitude  information  to  the  pilot  during  enroute, 
air  drop,  and  landing  operations  to  allow  an  "eyes-out" 
orientation  during  the  complete  operation. 

Several  modes  of  information  display  are  available.  Fig.  2 
shows  the  HUD  symbols  selected  for  one  mode  (normal)  of  the 
transport  and  helicopter  mission.  Generally,  for  other  models 
such  as  SEARCH  and  LANDING,  the  number  of  symbols  was  reduced  to 
avoid  cluttering  the  center  of  the  IR  image  when  the  pilot  is 
concentrating  on  ground  patterns  and  landmarks. 


TRUE 


Figure  2.  HUD  symbols  for  transport  and  helicopters. 

Several  special  features  of  the  symbology  are 
indicated  in  Table  1. 


TABLE  1.  Special  control/display  features. 


Altitude 

Displays  barometric  or  radar  altitude, 
radar  changes  in  10-foot  increments  below 
1000  feet,  100-foot  increments  above  1000 
feet. 

Fixed  Digit 

The  last  zero  for  altitude  and  vertical 
velocity  is  an  unchanging  zero  (0)  to 
reduce  distraction  of  a  fast  changing 
digit. 

Pitch 

9 

Over  10  degrees  pitch,  a  10' s  digit  is 
displayed  to  the  left  of  the  aircraft 
and  l's  unit  to  the  right. 
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The  flight  instrument  raw  signal  information  is  collected  by 
the  aircraft's  signal  processing  computer  and  converted  into 
Arinc' 429  formatted  data.  The  data  are  transmitted  to  the  AFAMRL 
display  unit  across  the  Arinc  429  bus. 

The  data  unit  converts  the  data  to  a  symbolic  display  on  a 
cathode-ray  tube  format.  The  symbology  display  is  reflected  from 
a  front  surface  mirror  to  a  relay  lens  which  focuses  onto  a 
flexible  fiber  optic  bundle.  The  bundle  brings  the  image  up  to 
the  NVG  where  a  collimating  lens  moves  the  image  or  the  symbology 
to  optical  infinity.  This  image  is  then  reflected  from  a  beam 
splitter  into  the  NVGs.  The  observer  sees  the  image  of  the  HUD 
symbols  superimposed  over  the  outside  view. 

The  controls  for  the  HUD  portion  of  the  system  are  shown  in 
Figure  3.  The  control  panels  are  positioned  at  various 
locations,  depending  on  the  type  of  aircraft.  The  design  goal 
was  to  include  only  critical  pilot  control  functions  and  automate 
other  functions  (focus,  brightness,  contrast). 


4  PUSmUTTONS 

BARO  -  Changes  readout  to  match  aircraft 
altimeter 

MODE  -  Selects  symbol  set  for  mission  segment 
POWER  -  Turns  HUD  equipment  ON 
PITCH  -  Trims  the  aircraft  symbol  to  horizon 
bar  for  aircraft  attitude 


Figure  3.  Pilot's  controls  for  transport  and  helicopters 
(tentative) . 


Evaluation  of  the  NVG/HUD 

9 

Evaluation  and  modification  of  the  device  was  iterative. 
The  approach  was  to  use  actual  flight  experience  to  modify  user 
HUD  symbol  requirements,  obtain  acceptance  ratings  for  the 
device,  and  identify  problems.  For  each  aircraft,  pretest 
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discussions  were  held  with  MAC  personnel  to  derive  a  symbol  set 
that  appeared  to  satisfy  the  aircraft  mission  requirements. 
Throughout  the  aircraft  test  series,  the  design  goal  was  to 
minimize  the  number  of  symbols,  modes,  and  controls  without 
compromising  crew  safety  or  adding  to  crew  workload. 

HQ  MAC  authorized  a  series  of  evaluations  based  on 
successful  trials  in  preliminary  C-141  flights.  Over  a  1-year 
period,  MAC  directed  that  other  aircraft  be  evaluated  for  NVG/HUD 
use: 


Aircraft  Evaluated  for  NVG/HUD  Use 

H-53E 
HH-53B/C 
HH-53H 
UH-60A 


C-141B  C-130E  {AWARDS) 

MC-130E 
AC-130H 
HC— 130 


Several  C-141  and  C-130  crews  have  flown  and  endorsed  the  NVG/HUD 
for  low  level  operations.  Testing  and  evaluation  on  other  air¬ 
craft  is  ongoing. 


RESULTS 

The  four-engine  heavy  jet  transport,  C-141B,  flies  a  low 
level  mission  that  currently  relies  on  the  pilot  looking  outside 
and  maintaining  terrain  clearance  while  the  co-pilot  looks  inside 
and  ensures  the  integrity  of  aircraft  velocity  and  attitude.  The 
missions  include  a  blacked-out  approach,  landing,  and  takeoff 
from  a  remote  field.  The  current  concept  (pre- NVG/HUD)  is  for 
the  co-pilot  and  two  navigators  to  verbally  provide  critical 
information  to  the  pilot  throughout  the  operation.  Six  C-141B 
pilots  flew  night  approached  and  full-stop  landings  with  the 
NVG/HUD.  A  structured  questionnaire  was  used  to  obtain  the  pilot 
ratings  shown  in  Table  2. 

Using  a  five  point  scale  {0=unacceptable,  3=acceptable,  and 
5=excellent) ,  all  HUD  symbols  were  rated  between  "more 
acceptable"  and  "excellent"  except  for  the  drift  angle  symbol. 
The  three  system  controls  (to  adjust  intensity  and  focus  and  to 
reset  the  barometric  altimeter)  were  rated  as  more  than 
acceptable.  The  location  of  the  control  panel  was  rated 
acceptable;  however,  its  relocation  was  recommended.  Visual 
fatigue  was  rated  as  below  average  to  none  and  display  contrast 
as  being  adequate  for  most  night  sky  conditions  under  various 
levels  of  illumination.  in  terms  of  the  systems  contribution  to 
mission  success,  the  pilots  generally  agreed  that  the  NVG 
enhances  control  of  the  aircraft,  reduces  interphone 
communication  and  increases  flight  safety  (terrain  clearance). 
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ABSTRACT 

Night  Vision  Device  (NVD)  depth  of  field  is  extremely 
small  when  viewing  objects  close  to  the  observer.  An 
optical  system’s  depth  of  field  can  be  increased  by 
reducing,  or  slowing,  the  systenfs  f-number  (fffl)  which 
can  be  accomplished  by  adding  restrictive  apertures  onto 
the  front  of  the  objective  lens.  This  noticeably  increases 
NVD  depth  of  field  but  causes  a  significant  reduction  in 
the  device’s  light  gathering  capability.  This  paper  derives 
equations  describing  the  phenomenon,  assesses  the 
tradeoffs  that  are  involved  in  using  apertures  to  increase 
depth  of  field,  and  discusses  an  experiment  demonstrating 
improved  depth  of  field  resulting  from  decreasing  the 
objective  lens  aperture. 

INTRODUCTION 

A  problem  with  Night  Vision  Devices  (NVDs)  is  their 
depth  of  field.  When  the  device  is  focused  far  away,  such 
as  at  infinity,  objects  close  in  are  out  of  focus.  This 
problem  has  little  effect  on  pilots  flying  an  aircraft,  whose 
attention  is  on  distant  objects,  but  it  presents  a  safety 
hazard  for  some  crewmembers  who  must  constantly  move 
about  the  aircraft,  refocusing  their  NVDs  while  trying  to 
accomplish  complicated  tasks  [3].  When  focused  close  to 
the  user,  NVD  depth  of  field  is  extremely  small.  If  a  user 
moves  their  head  only  a  few  inches,  the  image  moves  in 
and  out  of  focus  quite  rapidly,  complicating  tasks. 
Frequent  refocusing  of  the  device  may  be  unacceptable  to 
the  user  who  continually  changes  the  point  of  their 
attention  or  has  a  heavy  workload,  such  as  a  loadmaster, 
gunner,  or  medic  [4]*  This  report  examines  one  approach 
for  improving  NVD  depth  of  field  by  using  small 
apertures  over  the  objective  lens,  and  its  potential  limits  of 
NVD  performance. 

Depth  of  field  arises  from  the  ability  of  an  imaging  device 
to  accept  defocus  [5],  Ignoring  objective  lens  aberrations, 
imaging  array  resolution  is  limited  by  the  picture  element 
(pixel)  size.  The  pixels  of  the  NVD  under  “bright”  light 
conditions  are  the  individual  channels  in  the  image 
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Figure  1 .  Geometry  for  derivation  of  hyperfocal  distance. 


intensifier  (I2)  tube  microchannel  plate  [2].  This  paper 
concentrates  on  the  bright  light  condition  where  the  NVD 
is  microchannel-plate  limited.  In  dim  light  conditions 
where  system  performance  is  limited  by  the  human  eye, 
the  treatment  of  the  problem  changes  somewhat  and  will 
not  be  addressed  here  [2]. 

Hyperfocal  Distance 

One  should  note  that  imaging  system  objective  lenses  are 
normally  not  single  lenses  but  rather  complex 
combinations  of  lens  elements.  For  these  complex  lenses, 
the  focal  length  of  the  lens,/,,  is  the  distance  from  the  rear 
principle  plane  to  the  focal  plane.  To  simplify  the 
diagrams  and  to  make  the  geometry  more  clear,  complex 
objective  lenses  will  be  represented  by  a  simple,  single 
lens  element. 

An  interesting  condition  can  be  derived  from  the  geometry 
of  a  lens  focused  at  infinity  (Figure  1).  Because  it  is 
focused  at  infinity,  we  know  that  the  distance  from  the 
lens  to  the  imaging  array  is  exactly  fm  [5j.  It  is  also 
known  that  because  of  the  pixel  size,  or  acceptable  blur 
size,  5,  some  points  closer  to  the  observer  than  infinity 
will  be  in  acceptable  focus.  From  this  information,  it  is 
possible  to  determine  the  distance  to  the  closest  point  that 
will  appear  in  focus  to  an  infinity-focused  imaging  system. 
From  Figure  1,  a  point  inside  infinity,  P,  forming  a  blur 
circle  of  exactly  B  and  appearing  in  focus  to  the  imaging 
device,  forms  an  image  a  distance  x  behind  the 
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photocathode.  Given  a  lens  of  diameter  D  and  a  blur  size 
5,  x  can  be  found  by  using  basic  geometry: 


B/2  Df  2 
X  fo  +  x 


(1) 


Solving  for  x: 


x 


Bfo 

D-B 


(2) 


Once  x  is  known,  the  near  edge  of  the  depth  of  field  for  an 
infinity  focused  lens  can  be  found  by  determining  the 
plane  in  object  space  that  is  conjugate  to  the  image 
distance  (f0  +  x).  This  can  be  calculated  by  using  the  thin 
lens  equation  [5]: 


1  JL„_L 

s  +  s'  fo 


(3) 


Where,  s  is  the  distance  from  the  lens  to  the  object  and  s’ 
is  the  distance  from  the  lens  to  the  image.  For  this 
derivation,  s'  is  equal  to  f0  +  x.  Substituting  this  into  the 
thin  lens  equation  and  solving  for  s  yields: 

fo(fo  +  *) 

s  <4) 

Substituting  the  expression  for  jc,  Equation  2,  into 
Equation  4  and  simplifying  yields  an  expression  for  the 
lens-to-object  distance  of: 


HFD  =  s  = 


£D 

B 


(5) 


The  lens  in  Figure  3  is  focused  on  an  object  at  some 
distance,  placing  a  sharp  image  in  the  image  plane.  Points 
closer  to  the  observer  than  the  object  whose 


Figure  2.  Basic  depth  of  field  geometry. 


images  are  at  the  threshold  for  acceptable  blur,  image  to  a 
plane  a  distance  y'  behind  the  image  plane.  Points  further 
from  the  observer  than  the  object  whose  images  are  at  the 
threshold  for  acceptable  blur,  image  to  a  plane  a  distance 
z’  in  front  of  the  image  plane.  Images  that  form  anywhere 
up  to  a  distance  y'  behind  or  a  distance  z'  in  front  of  the 
imaging  array  will  appear  in  sharp  focus  to  the  observer. 
The  longitudinal  distance  in  object  space  from  which 
these  images  come  is  the  device  depth  of  field,  as  in 
Figure  2. 


Figure  3.  Geometry  describing  depth  of  field  boundaries. 


Where  HFD  is  the  hyperfocal  distance.  Objects  beyond 
this  distance  are  in  focus  for  an  infinity-focused  lens. 
Note  that  the  HFD  is  directly  proportional  to  the  diameter 
of  the  lens. 

Depth  of  Field 

Calculating  HFD  is  not  ideal  for  determining  the  largest 
potential  NVD  depth  of  field.  It  should  be  easy  to  see  that 
when  focused  well  inside  infinity,  an  optical  device’s 
depth  of  field  will  have  limits  on  both  sides  of  best  focus. 
Since  the  model  in  the  previous  derivation  is  already 
focused  on  infinity,  it  only  exhibits  a  near  side.  There  can 
be  no  far  side  when  focused  at  infinity  since  it  is 
impossible  to  have  real  objects  farther  away  than  infinity. 
Conceptually,  the  infinity  focus  condition  only  uses  part 
of  the  viewing  device’s  potential  depth  of  field. 
Derivation  of  the  equations  locating  the  near  and  far  edges 
of  the  depth  of  field  is  more  involved  than  for  HFD. 


Two  equations  can  be  derived  using  the  geometry  of 
Figure  3:  one  for  the  depth  of  field's  near  edge  and  one  for 
its  far  edge.  Objects  closer  to  the  imaging  system  than  the 
plane  on  which  the  imaging  system  is  focused  will  form 
images  behind  the  imaging  array.  Point  objects  closer  to 
the  observer  than  the  focus  distance  that  create  blur  circles 
with  a  diameter  of  exactly  B  will  image  a  distance  y* 
behind  the  imaging  array.  From  Figure  3,  it  can  be  seen 
using  the  similar  triangle  approach  that: 


BI2  Df 2 

y  J  +y 


And  therefore: 


y= 


Bs' 

D-B 


(6) 


(7) 
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Remember  that  s'  is  the  distance  from  the  lens  to  the 
image  for  a  given  focus  distance.  Using  the  thin  lens 
equation,  Equation  3,  where  the  lens  of  focal  length  is  f0, 
and  the  focus  distance  is  fd.  Solving  for  s'  yields: 

s>=-JJd 

fd~fo 


(8) 


Now,  the  location  of  objects  that  image  to  the  plane  y 
behind  the  imaging  array  must  be  determined.  Rewriting 
the  thin  lens  equation  so  that  S'  is  the  image  distance  and  S 
is  the  object  distance  gives: 


S  +  S'  f 

Jo 


(9) 


Solving  for  the  object  distance  yields: 


S  =  JZ. 


s-fo 


(10) 


It  is  known  that  S'  is  equal  to  the  image  distance  created 
by  the  lens  for  a  chosen  focus,  s’,  plus  the  extra  distance 
behind  the  imaging  array  at  which  acceptable  images 
would  form,  y'.  Therefore: 


DOFf  =  ■ 


MR 


(15) 


fo(D  +  B)-fdB 
One  should  notice  that  the  equation  for  the  far  edges  of 
the  depth  of  field  can  generate  negative  numbers  if  fd  gets 
large  enough,  implying  that  DOFf  is  beyond  infinity. 
These  results  should  simply  be  ignored  since  in  the  real 
world,  distances  cannot  be  negative  and  objects  cannot  be 
located  farther  away  than  infinity.  Negative  DOFf  values 
should  be  treated  as  an  infinity  result. 

Limits 

Notice  what  happens  to  the  near  edge  of  the  depth  of  field 
when  focus  goes  to  infinity.  This  can  be  determined 
mathematically  by  evaluating  the  limit  of  the  above  DOFN 
equation  as  fd  gets  very  large  using  L’Hopital’s  Rule. 


lim 

/d- ^ 


_ MR  _f.D 

f0(D-B)  +  fdB  B 


(16) 


This  shows  that  for  large  focus  distances; 


B 


DOFn  =  ^  =  HFD 


(17) 


5'=*'+y  (ii) 

Substituting  Equation  11  into  Equation  10  yields: 


When  the  imaging  system  lens  is  focused  at  true  infinity, 
the  near  edge  of  the  depth  of  field  should  converge  to  the 
system's  hyperfoeal  distance. 


n_  fAMll 

V+?)~fo 


(12) 


Substituting  Equation  7  for  y’  into  Equation  12  and 
simplifying  yields: 


Another  important  condition  to  note  is  the  focus  distance, 
fd,  at  which  the  far  edge  of  the  depth  of  field  goes  to 
infinity.  Mathematically,  this  happens  when  the 
denominator  of  Equation  15  goes  to  zero.  Setting  the 
denominator  to  zero  and  solving  for/)  yields: 


5  = _ LRR 

s'  D  —  fgD+  f0B 


(13) 


f-MR±M=LR 

1  B  B 


(18) 


Substituting  Equation  8  for  s'  and  simplifying  yields  the 
equation  for  the  near  side  of  the  depth  of  field. 


S  =  DOFn  = 


_ MR 

fo(D-B)  +  fdB 


(14) 


The  derivation  of  the  equation  for  the  far  edge  of  the 
depth  of  field  closely  follows  the  one  for  the  near  edge. 
Objects  farther  from  the  imaging  system  than  the  plane*of 
best  focus  will  come  into  focus  in  front  of  the  imaging 
array.  Those  whose  point  objects  create  blur  circles  of 
exactly  diameter  B  form  images  a  distance  z'  in  front  of 
the  imaging  array.  Using  geometry  and  the  first  order 
imaging  technique,  it  can  be  shown  that  the  location  of  the 
far  edge  of  the  depth  of  field,  DOFf,  is  [6]; 


Since  D  is  much  larger  than  B,  this  is  essentially  the 
hyperfoeal  distance.  Therefore,  when  the  imaging 
device’s  objective  lens  is  focused  at  the  device's  HFD,  the 
depth  of  field's  far  edge  extends  approximately  to  infinity. 
Recall  that  the  near  edge  of  its  depth  of  field  falls  closer  to 
the  observer  than  the  HFD.  Since  the  depth  of  field's  far 
edge  extends  to  infinity  for  this  particular  focus  condition, 
it  is  the  condition  for  the  maximum  depth  of  field. 

The  near  edge  must  be  located  to  quantify  the  maximum 
depth  of  field.  By  substituting  Equation  19  into  the 
equation  for  the  near  edge  of  the  depth  of  field,  Equation 
14,  and  simplifying,  its  position  can  be  determined. 


DOFn  = 


UR+B) 

2  B 


(19) 


661 


Note  that  this  is  approximately  one-half  the  HFD.  So,  if 
the  device  is  focused  at  the  HFD,  the  depth  of  field 
extends  from  one-half  the  HFD  to  infinity.  Since  DOFN 
slowly  converges  to  the  HFD  as/,/  gets  larger,  focusing  at 
the  HFD  will  maximize  device  depth  of  field.  This 
condition  is  the  maximum  depth  of  field  for  a  particular 
imaging  system  since  objects  cannot  be  located  beyond 
infinity.  Focusing  an  NVD  in  any  other  plane  will  yield  a 
smaller  depth  of  field. 

PROCEDURES 

A  brief  experiment  was  conducted  to  examine  the 
practicality  of  the  concept.  Apertures  were  placed  over  an 
NVD  objective  lens.  Several  subjects'  visual  acuities  were 
measured  at  discrete  distances  without  refocusing  the 
NVD.  It  was  anticipated  that  stopping  down  an  NVD 
objective  lens,  increasing  depth  of  field,  should  yield  a 
noticeable  improvement  in  subject  visual  acuity  at 
different  distances  without  refocusing  the  NVD. 

In  this  experiment  each  subject  was  placed  in  a  light  tight 
room  and  allowed  to  dark  adapt  for  15  minutes.  The 
subject  was  then  given  an  F4949  ANVIS-type  (Aviator’s 
Night  Vision  Imaging  System)  NVD  focused  at  30  feet 
and  asked  to  read  square  wave  acuity  targets  at  30  feet,  20 
feet,  and  5  feet  from  the  end  of  the  NVD  without 
refocusing  the  device  objective  lenses.  Subjects  were 
allowed  to  adjust  eyepiece  focus  to  optimize  their  visual 
performance.  Three  different  apertures  were  selected  for 
the  tests:  23.5  mm,  which  corresponds  to  the  normal  NVD 
objective  lens  aperture,  7  mm,  and  3  mm.  Each  subject 
was  asked  to  read  the  targets  once  for  each  aperture. 

The  square  wave  acuity  targets  used  in  this  research  were 
modified  versions  of  the  NVD  focusing  target  originally 
designed  and  fabricated  by  Armstrong  Laboratory 
personnel  for  the  aviators  of  Desert  Shield  [3]. 
Modifications  were  limited  to  changing  the  frequency  of 
the  target  square  waves  to  enable  the  technicians  to  make 
the  anticipated  measurements. 

Light  levels  used  in  the  tests  were  chosen  to  maximize 
luminance  out  of  the  NVD,  thereby  maximizing  NVD 
aided  human  visual  performance.  For  these  tests,  the 
luminance  level  was  chosen  between  quarter  and  half 
moon,  approximately  8.0X10'3  footLamberts  (fL)  for  the 
open  aperture,  9.0X10'2  fL  for  the  7  mm  aperture,  and  0.5 
fL  for  the  3  mm  aperture.  This  ensured  constant  NVD 
photocathode  illumination  for  all  three  trials.  The  higher 
light  levels  for  the  3  mm  and  7  mm  apertures  were 
calculated  by  taking  the  ratio  of  the  NVD  lens  area  to  the 
aperture  area  and  multiplying  by  8. 0X1  O'3  fL. 

RESULTS 

Theoretical 


Example  calculations  are  helpful  in  emphasizing  the 
significance  of  the  resultant  equations  from  the  earlier 
derivation.  An  average  NVD  will  be  used,  with  an 
objective  lens  focal  length  of  27.03  mm,  an  f/#  of  1.23, 
and  a  maximum  resolution  of  1.0  cycles  per  milliradian. 
Its  exit  pupil  diameter  can  be  calculated  to  be  21.98  mm 
using  Equation  20  where  fQ  is  the  lens  focal  length  and  D 
is  the  lens  diameter  [5]: 


//#= (20) 

If  RES  is  the  maximum  resolution  in  cycles  per 
milliradian,  then  the  blur  circle  size  can  be  found  using: 


B=f0Tan 


1 


L  2000  x  RES . 


(21) 


Where  f0  is  the  objective  lens  focal  length  and  B  is  the 
blur  circle  size.  Substituting  the  appropriate  values  into 
Equation  21  yields  a  blur  size,  B ,  of  0.01352  mm. 


Figure  4.  Near  and  far  edges  of  depth  of  field  vs.  focus 
distance. 


Now,  recall  Equation  5,  the  equation  for  the  hyperfocal 
distance.  For  this  system,/,  =  27.03  mm,  D  =  21.98  mm, 
and  B  =  0.01352  mm.  Applying  Equation  5  yields  a  HFD 
of  43.56  m.  It  should  be  noted  that  many  systems 
available  today  exhibit  resolution  performance  better  than 
1.0  cycles  per  milliradian.  Improved  resolution  reduces  B 
and  consequently  increases  the  HFD. 

It  is  useful  to  examine  how  the  equations  behave  as  a 
function  of  fd.  When  the  location  of  the  DOFN  and  the 
DOFf  are  plotted  as  a  function  of  the  focus  distance,  the 
results  are  shown  in  Figure  4.  This  figure  has  two 
interesting  features.  First,  as//  gets  very  large,  as  it  would 
when  the  imaging  system  is  focused  at  infinity,  the  near 
edge  of  the  depth  of  field  converges  to  the  HFD.  One 
should  also  note  that  as  fd  approaches  the  HFD,  DOFf 
goes  to  infinity. 
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Figure  5.  Depth  of  field  vs.  focus  distance. 


One  should  note  that  Figure  4  is  a  plot  of  the  two  edges  of 
the  NVD  depth  of  field,  not  the  depth  of  field  itself. 
Calculating  the  difference  between  DOFN  and  DOFf  and 
plotting  it  as  a  function  of  focus  distance  yields  Figure  5. 
It  is  easy  to  see  the  trend  that,  for  distances  less  than  the 
HFD,  the  depth  of  field  gets  larger  as  the  distance  at 
which  the  NVD  is  focused  increases. 


Aperture  (mm) 


Figure  6.  Depth  of  field  vs.  aperture  size  for  various  focus 
distances. 

Figure  6  illustrates  the  effect  of  aperture  size,  D,  on  depth 
of  field  for  several  focus  distances.  Note  that  apertures 
above  10  mm  have  little  effect  but  apertures  below  5  mm 
show  significant  increases  in  depth  of  field.  Also  note  that 
as  focus  distance  gets  longer,  the  curves  move  up  and  to 
the  right,  indicating  that  for  longer  focus  distances,  the 
user  can  achieve  the  same  depth  of  field  with  a  larger 
aperture.  This  effect  gives  rise  to  a  significant  tradeoff 
that  will  be  discussed  later.  It  should  be  emphasized  that 
changing  the  focus  distance  also  changes  the  location  of 
die  depth  of  field’s  near  edge.  While  increasing  focus 
distance  increases  depth  of  field,  it  also  moves  the  depth 
of  field’s  near  edge  father  from  the  observer. 


Figure  7  shows  how  depth  of  field  changes  with  respect  to 
NVD  resolution  performance  for  an  F4949  ANVIS-type 
system  where  f0  =  27.03  mm  and,  without  a  limiting 
aperture,  D  -  21.98  mm.  The  trend  indicates  that  high- 
resolution  systems  will  have  smaller  depths  of  field.  This 
is  true  in  any  two-dimensional  imaging  array.  To  achieve 
higher  resolution,  the  pixels  must  be  made  smaller, 
making  the  overall  system  more  susceptible  to  defocus.  It 
should  be  noted  that  NVD  HFD  also  increases  for  the 
same  reason.  A  way  around  this  effect,  and  recover  the 
lost  depth  of  field,  is  to  shorten  the  objective  lens  focal 
length  while  maintaining  a  constant  f/0.  Unfortunately, 
this  would  increase  the  apparent  angular  size  of  the 
individual  pixels  and  reduce  the  overall  system  resolution. 


Figure  7.  Depth  of  field  vs.  NVD  resolution. 


One  can  also  see  from  Figure  7  that  depth  of  field  is  larger 
for  low  resolution  NVDs.  If  the  user  is  willing  to  accept 
some  resolution  performance  loss,  depth  of  field  will 
appear  larger.  If  a  user  is  trying  to  see  large  targets  and 
adequate  performance  can  be  achieved  with  low 
resolution,  user  depth  of  field  will  appear  to  be  larger. 


Figure  8.  Resolution  vs.  target  distance 


Experimental 

The  data  collected  from  the  experiment  described  earlier 
appears  in  Figure  8.  These  data  indicate  that  decreasing 
the  objective  lens  aperture  improves  the  subject’s  visual 
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acuity  as  they  view  targets  displaced  from  the  plane  of 
best  focus.  It  also  indicates  that  smaller  apertures  yielded 
greater  acuity  improvements  than  larger  apertures.  This  is 
expected  because  of  the  anticipated  increase  in  the  device 
depth  of  field  with  a  decrease  in  aperture  size. 

DISCUSSION 

Radiometrv  of  Small  Apertures 

As  shown  in  Figure  6,  it  can  be  seen  that  depth  of  field 
increases  dramatically  as  the  limiting  aperture  diameter 
decreases.  Unfortunately  the  light  gathering  capability  of 
the  device  decreases  as  the  limiting  aperture  gets  smaller. 
When  light  is  plentiful,  this  is  not  a  problem.  But  in 
situations  where  one  would  use  an  NVD,  light  is  scarce. 
The  radiometry  of  the  problem  is  very  straight  forward 
and  described  by  the  following  equation  [1]: 

0=  LAQ  (22) 


lens  aperture,  or  lens  entrance  pupil,  and  not  D,  the  exit 
pupil  diameter,  as  in  earlier  calculations.  Since  the 
entrance  and  exit  pupils  are  not  necessarily  the  same 
diameter,  the  radiometry  would  not  correctly  describe  the 
phenomenon  if  D  were  used. 

Diffraction  Limit 

Even  if  adequate  light  is  available  for  conducting  NVD 
operations  with  very  small  apertures  to  increase  depth  of 
field,  there  is  another  limit  that  cannot  be  overcome:  the 
objective  lens  diffraction  limit.  It  is  possible  to  try  to 
operate  with  an  aperture  on  a  NVD  that  is  small  enough  to 
create  a  diffraction  spot  larger  than  the  limiting  resolution 
of  the  I2  tube.  When  this  happens,  the  benefit  of  the  larger 
depth  of  field  is  significantly  reduced  by  the  loss  of 
system  resolution.  Theory  indicates  that  the  diffraction 
limited  spot  size,  in  microns,  of  an  optical  system  is  give 
by  [8]: 


In  Equation  22,  0  is  the  radiant  power  or  flux,  L  is  the 
radiance  of  the  source,  A  is  the  projected  area  of  the 
detector,  and  J2is  the  solid  angle  the  source  subtends  from 
the  point  of  view  of  the  detector.  The  ratio  of  the  radiant 
power  collected  by  two  different  detectors  is  therefore 
given  by: 


L,A)Q1 
O2  ■f'2‘^2^^2 


(23) 


It  is  assumed  that  the  two  detectors  are  NVDs  looking  at 
the  same  scene,  from  the  same  point  in  space,  but  with 
different  size  apertures  over  their  objective  lenses. 

Therefore,  they  both  see  the  same  scene  radiance,  L/  =  L2 

=  L,  and  solid  angle,  Q\  =  Q2  =  *i2  When  a  lens  is 
involved  in  radiometry,  the  area  of  the  collecting  lens  is 
substituted  for  the  area  of  the  detector  [1].  Aj  and  A2  now 
represent  the  areas  of  the  two  objective  lens  apertures. 
Equation  23  simplifies  to: 

3>l  A,  m}  r? 

®2  A2  7*1  t% 


Spot  Size  =  2.44  k  f/#  (25) 

Where  A  is  the  wavelength  of  light,  expressed  in  microns. 

Note  that  ANVIS-type  NVDs,  such  as  the  F4949,  are 
equipped  with  a  minus-blue  filter  to  shape  the  I2  tube 
photocathode  response  and  block  most  visible  light. 
These  filters  pass  light  at  numerous  wavelengths.  In  this 
analysis,  the  filter  response  was  reduced  to  a  single 
wavelength  by  averaging  the  filter  cut-on  wavelength  and 
the  photocathode  cut-off  wavelength.  Minus-blue  filter 
cut-on  wavelengths  are  0.625  pm  and  0.665  pm  for  Class 
A  and  Class  B  filtered  goggles  respectively.  The  cut-off 
wavelength  of  the  photocathode  is  approximately  0.900 
pm  for  the  third  generation  I2  tube’s  photocathode  [7]. 
This  yields  average  wavelengths  of  0.763  pm  for  Class  A 
filters  and  0.783  pm  for  Class  B  filters. 

Using  the  expression  of  f/#  listed  earlier,  the  spot  size 
equation  can  be  rewritten: 

Spot  Size  =  (26) 


Where  r  is  the  radius  of  a  particular  aperture.  Therefore, 
when  using  small  apertures  to  increase  depth  of  focus, 
device  light  gathering  capability  is  reduced  by  the  ratio  of 
the  squares  of  the  radii  of  the  apertures  involved.  For 
example,  if  a  3  mm  aperture  is  placed  over  a  23.5  mm 
NVD  objective  lens,  the  NVD  will  see  only  1.70%  of  the 
available  light.  This  indicates  that  operations  with  small 
apertures  over  NVD  objectives  may  require  the  use  of 
auxiliary  light  sources.  If  such  sources  are  not  infrared, 
then  the  user  may  find  it  easier  to  simply  take  their  NVD 
off  and  turn  on  conventional  lighting.  These  calculations 
are  made  using  the  physical  size  of  the  NVD  objective 


Note  that  as  the  aperture  becomes  smaller,  the  diffraction 
limited  spot  size  becomes  larger.  When  the  aperture  is 
small  enough,  the  diffraction  limited  spot  size  becomes 
greater  than  the  resolution  limit  of  the  I2  tube.  When  this 
happens,  the  maximum  resolution  of  the  device  becomes 
equal  to  the  diffraction  spot  size,  decreasing  NVD 
performance  and  reducing  the  benefit  of  a  large  depth  of 
field.  For  the  example  system  used  earlier,  (Spot  Size  = 
13.52  pm  and  f0  =  27.03  mm)  this  happens  when  the  lens 
limiting  aperture  shrinks  below  3.7  mm  with  a  Class  A 
filtered  response,  and  below  3.8  mm  with  a  Class  B 
filtered  response.  However,  because  of  the  energy 


664 


distribution  of  the  diffraction  spot  and  an  appropriate 
point  resolution  criterion,  this  phenomenon  will  not 
become  significant  until  apertures  about  half  as  large  as 
the  calculated  values  are  employed  [8].  Therefore, 
apertures  smaller  than  3  mm  were  ignored  in  the 
experiment. 

CONCLUSIONS 

Objective  lens  focal  length,  objective  lens  diameter, 
system  resolution,  and  the  distance  at  which  the  system  is 
focused  all  influence  the  depth  of  field  of  an  imaging 
system  like  the  NVD.  Adjusting  any  of  these  parameters 
will  yield  a  noticeable  change.  The  amount  of 
improvement  possible  in  an  application  is  determined  by 
the  image  quality  the  user  requires. 

Adding  apertures  to  reduce  the  objective  lens  diameter 
can  significantly  increase  NVD  depth  of  field.  However, 
limitations  reduce  the  usefulness  of  this  approach. 
Apertures  dramatically,  reduce  the  light  gathering 
capability  of  the  device.  Supplemental  illumination,  such 
as  auxiliary  infrared  lights,  may  be  necessary  to  achieve 
the  desired  system  performance.  It  is  also  possible  to 
reduce  the  aperture  to  such  an  extent  that  imaging 
performance,  or  resolution  suffers.  Reducing  the  lens 
aperture  slows  the  system^#  and  increases  the  diffraction 
spot  size.  Once  the  minimum  spot  separation,  determined 
by  the  diffraction  spot  size  and  the  appropriate  resolution 
criterion,  exceeds  the  maximum  resolution  of  the  system, 
imaging  performance  starts  to  suffer. 

Other  parameters  can  be  adjusted  to  increase  NVD  depth 
of  field.  Accepting  lower  system  resolution  performance 
will  make  device  depth  of  field  appear  larger.  This  may 
be  difficult  to  accept  for  some  users  whose  duties  require 
high  resolution  NVDs.  Shortening  the  objective  lens  focal 
length  while  maintaining  objective  lens  ft#  will  lead  to  a 
larger  depth  of  field  but  will  reduce  the  system's  overall 
resolution  performance.  Objective  lens  focus  distance  can 
be  optimized  to  yield  a  greater  depth  of  field  by  focusing 
at  the  device  s  HFD.  However,  this  is  only  practical  when 
infinity  focus  is  required.  Poor  objective  lens  positioning 
mechanisms  make  this  approach  difficult  to  implement. 


Some  performance  characteristics  can  be  sacrificed  or 
traded  to  optimize  NVD  depth  of  field.  These  tradeoffs 
must  be  examined  on  the  basis  of  individual  situations  or 
applications  to  determine  the  most  acceptable  compromise 
between  depth  of  field,  resolution  performance,  and  light 
gathering  before  this  idea  can  be  implemented. 
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ABSTRACT 

Visors  are  an  important  element  in  modem  helmet-mounted  displays  (HMDs).  In  addition  to  their  more  conventional 
use  as  eye  protection,  they  can  be  used  as  the  final  element  in  the  optical  system  that  relays  visual  information  to  the 
observer.  To  enhance  their  usefulness  as  the  final  optical  element  (as  a  beam  splitter  or  image  combiner),  visors  are 
sometimes  coated  to  increase  their  reflectivity,  improving  the  efficiency  of  the  optics.  However,  pilots  often  object  to 
the  addition  of  reflective  patches  on  their  visors,  indicating,  among  other  reasons,  that  they  decrease  observed  target 
contrast  and,  therefore,  decrease  target  detection  range.  This  paper  will  examine  the  impact  of  the  additional  reflective 
coating  on  visual  performance  through  a  helmet-mounted  display  visor.  It  will  propose  some  design  parameters  on  the 
spectral  nature  of  the  coating  that  might  make  it  more  useful  to  both  the  HMD  designer  and  to  the  HMD  wearer. 
Finally,  this  paper  will  examine  visual  phenomena  that  may  affect  visual  performance  through  a  coated  visor. 

Key  Words:  Helmet-mounted  display,  HMD,  Visor,  Visual  performance.  Coatings 


1.  INTRODUCTION 

The  visor  is  a  critical  part  of  the  pilot’s  equipment.  In  most  cases,  it  is  one  of  at  least  two  transparencies  (visor  and 
windscreen)  through  which  they  must  look  to  see  the  world  around  him.  Both  transparencies  can  have  a  significant 
impact  on  the  pilot’s  visual  performance.  The  optical  properties  of  both  the  visor  and  the  windscreen,  including 
transmission,  reflection,  distortion,  and  their  tendency  to  scatter  light,  play  an  important  role  in  the  quality  of  image  a 
pilot  can  see  through  them. 

Visors  have  evolved  into  an  important  part  of  modem  helmet-mounted  displays  (HMDs).  To  simplify  the  optical 
design,  in  terms  of  the  number  of  optical  elements  needed,  the  helmet  visor  can  be  used  as  the  beamsplitter,  reflecting 
the  HMD  imagery  into  the  pilot’s  eyes  while  still  allowing  him  to  see  the  targets  of  interest.  This  final  reflection  can 
rely  on  the  Fresnel  reflectivity  inherent  to  the  visor  or  can  be  enhanced  by  use  of  coatings.  Coatings  of  interest  can 
enhance  the  reflection  of  the  visor  as  much  as  desired.  Unfortunately,  these  reflection-enhancing  coatings  are  known  to 
have  a  negative  impact  on  the  pilot’s  visual  performance.  Many  pilots  have  noticed  a  significant  and  unacceptable 
reduction  in  the  distance  at  which  they  can  engage  a  target,  or  “Tally  Ho”  distance  [Kocian  and  Task  2000].  However, 
HMDs  that  employ  uncoated  visors  must  rely  on  very  luminous  image  sources  to  ensure  that  enough  light  reaches  the 
pilot’s  eyes.  This  tends  to  shorten  image  source  lifetime  and  preclude  the  use  of  certain  image  sources  in  these  HMD 
designs. 

To  examine  the  impact  of  visor  coatings,  one  must  start  with  the  assumption  that  reductions  in  visual  performance  are 
due  exclusively  to  a  loss  of  target  contrast.  As  shown  in  Figure  1,  this  paper  will  define  LT  as  the  luminance  of  the 
target,  LB  as  the  luminance  of  the  target  background,  Es  as  the  external  illumination  falling  on  the  visor,  and  LH  as  the 
luminance  of  the  HMD  display  that  reaches  the  observer’s  eyes.  Using  this  notation,  fire  true  contrast  (Michaelson  or 
modulation  contrast)  of  the  target,  of  luminance  LT,  with  its  background,  of  luminance  LB,  can  be  expressed  as: 
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The  primary  reason  for  this  loss  of  observed  contrast  is  the  veiling  luminance  stemming  from  scattered  light  from  the 
visor  and  from  facial  reflections.  To  incorporate  the  impact  of  scatter  and  reflections  on  the  perception  of  target 
contrast,  a  veiling  luminance,  Lv ,  can  simply  be  added  to  the  target  and  background  luminances  in  Equation  1 .  This 
approach  was  used  in  other  papers  [Marasco  and  Task  2001]  [Kocian  and  Task  2000]  and  treats  the  veiling  luminance 
as  if  it  originates  at  the  visor,  not  propagating  through  it  like  the  light  from  the  target.  Therefore,  the  impact  of  visor 
transmission,  7>,  on  perceived  contrast  must  be  included.  This  is  achieved  by  multiplying  LT  and  LB  by  Ty.  These 
modifications  of  Equation  1  change  the  equation  from  one  describing  the  true  contrast  of  the  target  to  an  equation  for 
the  contrast  seen  from  the  observation  point,  or  observed  contrast,  C0. 

c  _  Pvb.  +  Lv )~ (tvlb  +Ly\  (2) 

(rVLT  +  Ly)  +  (TyLg  +  Ly  ) 

Assuming  that  LB  is  greater  than  LTl  the  above  expression  simplifies  to: 


To  maximize  C0 ,  one  has  few  options  as  shown  in  Equation  3.  LB  can  be  large  but  not  on  command.  The  engineer 
cannot  control  the  sky  or  ground  luminance.  Lv  can  be  made  small,  but  only  so  small.  Recall  that: 


Ly  -  Lys  +  Lyf  (4) 

Here,  LVs  and  L^are  the  veiling  luminance  caused  by  scatter  from  the  transparency  and  the  veiling  luminance  from 
facial  reflections,  respectively.  The  veiling  luminance  caused  by  visor  scatter  is  a  function  of  a  number  of  parameters 
including  the  incident  illuminance  (Es)  and  the  sample’s  inherent  tendency  to  scatter  light,  symbolized  by  a  function  Sv. 
The  sample’s  ability  to  scatter  has  been  shown  to  be  a  function  of  the  illumination  and  observation  geometry  and  the 
wavelength  of  the  illumination,  A,  [Marasco  2000].  Stated  simply,  LVs=  Es  Sy.  If  one  assumes  a  Lambertian  reflection 
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and  keeping  in  mind  that  ES  =  M=  nL  [Boyd  1985]  where  M  is  the  luminous  exitance  and 
luminance  of  the  pilot’s  face,  Lfi  can  be  described  as: 


L  is  luminance,  the 


Lf=±EJvRf 


(5) 


Here  the  reflectivity  of  the  pilot’s  face.  When  this  light  is  reflected  back  to  the  pilot  by  the  visor,  it  contributes  to 
Lv.  The  veiling  luminance  due  to  facial  reflections  as  seen  in  the  visor,  LVfi  can  therefore  be  expressed: 


Lyf  ~  i  Es  TyRfRy 


(6) 


1S,thC  refJe^loni  fr°m  “side  surface  of  the  visor.  Eliminating  scatter  from  the  visor  and  reflections  from 
fte  pilot  s  face  is  difficult  if  not  impossible.  And  even  if  scatter  can  be  eliminated  from  new  visors,  it  will  increase  as 
the  visors  age  and  become  scratched  from  wear  and  handling. 

The  only  parameter  m  Equation  3  that  the  engineer  can  use  to  improve  observed  contrast  is  the  visor  transmission  7 V 
can  be  made  as  large  as  possible,  thus  improving  the  target’s  observed  contrast  (Figure  2).  In  Figure  2  observed 
contrast  is  plotted  as  a  function  of  transmission  for  a  number  of  conditions  described  by  the  ratio  of  the*  veilin'* 
uminance  to  the  background  luminance  (Ly!LB).  This  parameter  is  used  to  indicate  how  much  stronger  than  veiling 
luminance  the  background  luminance  is.  When  Ly!LB  is  small,  the  background  luminance  dominates  the  ratio  % 
improving  visual  performance  by  overwhelming  the  veiling  luminance.  When  LV/LB  is  large  scattered  light* 
dominates  reducing  visual  performance.  One  should  also  note  from  Figure  2  that  visor  transmission  can  significantly 
mtluence  observed  contrast,  especially  when  transmission  is  below  20%. 

^1r!fWtCc!aCk  ,C°attingS  Can  be  designed  to  build  reflectors  that  are  spectrally  selective.  Such  coatings  can  be  designed 
eflect  strongly  at  some  wavelengths  while  functioning  as  an  antireflection  coating  at  others,  reflecting  nearly 
no  mg.  This  property  of  dielectric  stack  coatings  can  be  exploited  to  build  a  visor  reflector  for  HMD  applications  that 
maximizes  visor  transmission  thus  increasing  the  visibility  of  targets  seen  through  the  visor,  while  increasing  the 
amount  of  light  presented  to  the  pilot  by  the  HMD  optics.  S 


Figure  2.  The  effect  of  transmission  on  observed  contrast  for  a  60%  contrast  target. 


2.  EFFECT  OF  SPECTRAL  TRANSMISSION  AND  REFLECTION 
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Up  to  this  point,  this  paper  has  treated  many  parameters  as  constants  with  respect  to  wavelength.  However,  many,  if  not 
all,  parameters  discussed  are  functions  of  wavelength.  For  example,  the  Fresnel  surface  reflections  are  often  treated  as 
relatively  constant  with  respect  to  the  visible  spectrum  but  actually  exhibit  distinct  wavelength  dependence.  Figure  3  is 
a  plot  of  the  index  of  refraction  of  two  popular  plastics  as  a  function  of  the  wavelength  of  light.  Using  established 
relationships,  the  Fresnel  reflection  for  polycarbonate  can  be  calculated  (Figure  4).  This  is  a  plot  of  the  reflectivity  of  a 
bare  polycarbonate  surface  inclined  at  a  number  of  incidence  angles.  One  can  see  from  Figure  4  that  even  an  uncoated 
piece  of  plastic  reflects  more  strongly  in  blue  light  than  in  red.  The  Fresnel  reflectivity  of  many  optical  materials, 
including  glass,  is  a  function  of  wavelength  and  incidence  angle.  One  should  note  that  the  reflectivities  plotted  in 
Figure  4  are  the  average  of  s  and  p  polarized  light.  The  reflectivity  of  each  can  be  noticeably  different  (Figure  5).  At  a 
45-degree  angle  of  incidence,  similar  to  what  is  used  in  some  helmet-mounted  display  designs,  the  bare  polycarbonate 
visor  reflects  predominantly  s-polarized  light.  However,  for  unpolarized  sources,  the  reflectivity  of  the  surface  is  the 
average  of  the  s-  and  p-polarized  components.  The  resulting  surface  reflectivity  is  considerably  less  for  unpolarized 
sources. 


Wavelength  (nm) 


Polycarbonate  — Acrylic 


Figure  3.  Index  of  refraction  of  two  plastics  plotted  as  a  function  of  wavelength. 


Figure  4.  The  reflectivity  of  polycarbonate  plotted  as  a  function  of  wavelength  for  five  angles  of  incidence,  in  degrees. 
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Figure  5.  The  average  reflectivity  of  polycarbonate  as  a  function  of  wavelength  and  its  reflectivity  for  s-  and  p- 

polarized  light. 


Thin  dielectric  stacks  have  been  used  to  create  coatings  with  spectrally  complex  reflectivities  and  transmissivities.  If 
dielectric  stack  reflectors  are  employed  on  the  visor,  this  spectral  complexity  can  be  exploited  to  achieve  several 
interesting  results.  A  good  coating  should  do  more  than  just  reflect  the  image  source  of  the  HMD.  One  could, 
theoretically,  be  tuned  to  give  the  desired  reflection  of  the  HMD  while  transmitting  a  large  percentage  of  visible  light 
from  the  target.  This  can  be  accomplished  by  redistributing  the  reflectivity  inherent  in  the  visor  surface.  Fresnel 
reflection  for  a  polycarbonate  visor  is  about  6%  per  surface  (12%  per  visor).  If  the  visor  could  be  antireflection  coated 
in  parts  of  the  visible  spectrum  not  needed  to  reflect  the  HMD  image  source,  this  loss  could  be  recovered  for 
wavelengths  other  than  those  reflected  for  the  display.  One  could  think  of  the  approach  as  “stacking  up”  the  surface 
reflectivity  where  desired.  This  approach  works  particularly  well  with  narrow  emission  band  phosphors.  Coatings  can 
be  optimized  to  reflect  the  primary  emission  while  antireflection  coating  the  surface  for  all  other  visible  wavelengths. 


2.1  Basic  Photometry  and  Coating  Design 

It  is  easy  to  see  how  the  amount  of  visible  light  available  influences  an  observer’s  vision.  This  paper  employs 
photometric  quantities  to  describe  light.  To  calculate  the  amount  of  visible  light  available,  LVis,  from  a  source  of 
spectral  radiance  L(A),  one  must  apply  the  following  equation  [Boyd  1985]: 


L¥is  =  k  j°V(X)L(X)dX 


(7) 


This  equation  describes  the  summation  of  all  light  from  the  source  over  all  wavelengths,  weighted  by  the  spectral 
response  of  the  human  eye,  V(X)  (Figure  6).  To  complete  the  calculation,  the  integral  is  multiplied  by  k,  the  luminous 
efficacy,  a  constant  used  to  convert  radiometric  units  to  photometric  units.  For  example,  this  integral  can  be  interpreted 
graphically  to  calculate  the  amount  of  visible  light  emitted  from  the  P43  phosphor  (Figure  7).  To  do  this,  one  would 
multiply  Figure  6  by  Figure  7,  sum  the  individual  components  over  all  visible  wavelengths  and  then  multiply  by  k, 
yielding  the  amount  of  visible  light  (luminance)  emitted  from  the  P43  phosphor  in  photometric  units.  The  above 
equation  can  be  modified  and  used  to  calculate  the  impact  of  filters  and  reflectors  on  the  amount  of  visible  light 
available  by  including  the  spectral  nature  of  the  reflector  inside  the  integral.  For  a  reflector,  R(X),  the  equation 
becomes: 


Lris  =k  f(X)R(x)L(X)dX 


(8) 
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Figure  6.  Photopic  response  of  the  human  eye  [Wyszecki  and  Stiles  1982]. 


Figure  7.  Normalized  P43  phosphor  emission. 


This  integral  can  also  be  expressed  graphically  as  the  multiplication  of  Figure  6  by  Figure  4  and  Figure  7,  the 
summation  of  the  individual  components  over  visible  wavelengths,  and  then  multiplication  by  k.  The  result  is  the 
amount  of  visible  light  emitted  from  the  P43  phosphor  that  is  reflected  from  a  polycarbonate  visor  inclined  at  45 
degrees.  Using  this  approach,  the  amount  of  light  reflected  can  be  expressed  as  a  percentage  by  dividing  the  reflected 
light  by  the  incident  light.  In  terms  of  the  integrals  used  earlier,  this  ratio  can  be  described  as: 


R 


source 


kjv(x)L(k)dk 


xl00% 


(9) 


If  this  is  applied  to  the  P43  example,  one  will  find  that  6.3%  of  the  visible  light  from  a  P43  phosphor  will  be  reflected 
from  an  uncoated  polycarbonate  visor,  inclined  at  45  degrees.  Using  a  similar  development  and  by  applying  the  fact 
that  T  =  1  -  R,  the  photopic  transmission  of  a  surface  can  be  expressed: 
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or  as  a  percentage  of  the  total  incident  light  using: 


k  I r(x)r(\)L(x)dk  ;  k  Jf(xXi - R(i))L(x)dx 

^Photopic  X.iO0%  = - X 100%  (11) 

k  |F(jc)z,(x)eft,  k 


2.2  Coating  Design 

This  treatment  will  restrict  analysis  to  the  transmission  and  reflection  of  the  inner  surface  of  the  visor.  One  should  keep 
in  mind  that  the  overall  transmission  of  the  visor  is  a  function  of  two  surfaces  and  the  bulk  material.  However,  since  the 
coating  on  the  visor’s  inner  surface  cannot  influence  the  transmission  or  reflection  of  the  other  two  contributors,  they 
will  be  ignored  when  comparing  coatings.  J 

The  goal  of  this  effort  is  to  design  a  coating  such  that  the  reflectance  of  the  source  is  as  high  as  it  needs  to  be  while 
maximizing  photopic  transmission  through  the  visor.  To  improve  the  pilot’s  visual  performance,  the  visor’s  photopic 
transmission  must  be  approximately  equal  to  the  photopic  transmission  of  an  uncoated  visor  surface.  One  must 
therefore  calculate  visible  light  transmitted  through  the  final  visor  surface.  The  photopic  transmission  of  the  target’s 
background,  as  seen  through  a  visor,  can  be  expressed  using  Equation  10  by  replacing  T(X)  with  the  spectral  properties 
of  the  visor’s  rear  surface,  denoted  as  Ty(X)  if  the  surface  is  uncoated,  and  inserting  the  spectral  properties  of  the  target’s 
background  (L(X)).  If  the  visor  is  coated,  replace  T(X)  with  the  spectral  properties  of  the  visor’s  rear  surface  coating, 
denoted  TVC(X),  and  perform  the  appropriate  integration. 

This  approach  is  consistent  with  the  assumption  made  earlier  that  the  target  background  is  brighter  than  the  target  itself. 
If  this  is  not  the  case,  one  should  calculate  the  photopic  transmission  of  the  target  seen  through  a  visor.  This  can  be 
expressed  using  Equation  10  and  inserting  the  spectral  properties  of  the  target  itself  (LfXJ)  and  the  appropriate  visor 
transmission. 

The  second  parameter  to  examine  is  the  reflection  of  the  HMD  image  source  from  the  visor.  This  is  important  to  ensure 
the  observer  receives  sufficient  light  from  the  HMD  to  make  the  symbology  visible.  The  photopic  reflectance  of  the 
image  source  by  the  visor  can  be  calculated  using  Equation  8  by  replacing  R(X)  with  the  spectral  properties  of  the 
visor’s  rear  surface,  denoted  either  Rvc(X)  or  Ry(X),  depending  on  whether  the  visor  is  coated  or  not,  and  inserting  the 
spectral  emission  of  the  HMD  source  (L(X)). 

23  Optimization 

The  number  of  degrees  of  freedom  afforded  the  engineer  by  the  design  can  limit  optimization  of  a  coating.  The  simplest 
coating  that  might  yield  the  performance  required  is  an  antireflection  coating  with  a  partially  reflecting  notch  (Figure  8). 
Designing  and  optimizing  a  coating  of  this  nature  affords  the  engineer  three  primary  parameters  to  manipulate:  the 
reflectivity  of  the  coating  within  the  HMD  image  source  emission  band,  the  width  of  the  reflection  band  for  the  HMD 
source,  and  the  quality  of  the  antireflection  coating  outside  the  notch.  One  could  argue  that  the  location  of  the  reflective 
notch  is  a  fourth  parameter.  Unfortunately,  the  selection  of  the  HMD  image  source  will  place  this  parameter  beyond  the 
control  of  the  engineer.  To  minimize  the  impact  of  the  coating  on  pilot  visual  performance,  it  is  recommended  that  the 
coating  be  optimized  to  transmit  visible  light  equal  to  the  transmission  of  die  uncoated  visor  surface.  The  three  primary 
parameters  can  be  combined  to  yield  coatings  that  transmit  as  much  light  as  the  uncoated  visor  surface,  minimizing  the 
impact  of  the  visor  coating,  while  reflecting  significantly  more  light  from  the  HMD.  Some  of  these  parameters  will 
have  a  stronger  impact  on  the  coating  performance  than  others.  For  example,  the  width  and  reflectivity  of  the  notch  will 
strongly  influence  the  amount  of  HMD  image  source  tight  available  to  the  pilot.  Reducing  the  reflectivity  of  the 
antireflection  coating  outside  the  reflective  notch  may  have  tittle  impact  on  the  total  transmitted  tight. 


3.  EXAMPLE  COATING  DESIGN 
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3.1  Performance  Benchmarks 

Two  visors  historically  used  on  head  and  helmet  mounted  displays  set  performance  benchmarks  for  the  technology:  the 
standard  polycarbonate  visor  without  a  reflective  coating  and  the  polycarbonate  visor  with  a  13%  reflective  metal  partial 
mirror.  The  standard  neutral  gray  visor  without  a  reflective  coating  is  considered  acceptable  for  target  detection  (“Tally 
Ho”)  but  does  not  reflect  much  HMD  light,  requiring  a  bright  HMD  image  source.  Visors  with  a  metallic  coating 
reflect  plenty  of  HMD  light  but  are  not  acceptable  for  target  detection.  Metallic  coatings  are  considered  to  have  a 
detrimental  impact  on  “Tally  Ho”  distance  due  to  the  associated  transmission  loss.  A  solution  lies  somewhere  in 
between. 

The  first  surface  examined  here  is  the  uncoated  polycarbonate.  Two  figures  of  merit  of  interest  are  the  surface  s 
transmission  of  all  visible  light,  TPho„  and  its  reflection  of  the  visible  light  from  the  P43  phosphor,  RP43-  To  calculate 
Tph0t,  one  needs  to  know  something  about  the  nature  of  the  light  coming  from  the  target  background.  Since  there  are 
virtually  an  infinite  number  of  possible  target  backgrounds  to  consider,  this  paper  will  limit  its  analysis  to  one.  The 
target  background  will  be  assumed  to  be  spectrally  uniform,  or  white,  with  all  wavelengths  considered  to  have  equal 
radiance.  This  assumption  will  simplify  the  resulting  calculation.  Using  the  information  displayed  in  Figure  4,  Figure 
6,  and  Equation  1 1,  the  photopic  transmission  of  an  uncoated  polycarbonate  surface  was  calculated  to  be  93.7%.  The 
calculation  of  the  percent  of  light  from  the  P43  phosphor  can  be  calculated  using  a  similar  approach.  Using  the 
information  in  Figure  4,  Figure  7,  Figure  6,  and  Equation  9,  the  photopic  reflectivity  of  an  uncoated  polycarbonate 
surface  was  calculated  to  be  6.3%.  This  result  should  have  been  expected  because  of  the  nature  of  the  visor  reflectivity. 
It  reflects  all  wavelengths  of  approximately  equal  radiance. 

The  results  from  the  analysis  of  the  metallic  reflective  surface  were  equally  predictable.  Since  metallic  coatings  exhibit 
relatively  uniform  reflectivity  in  the  visible  region  of  the  spectrum,  the  13%  reflective  surface  was  modeled  as  a 
perfectly  uniform,  13%  reflector  at  all  visible  wavelengths.  Using  this  model,  the  information  in  Figure  6,  and  Equation 
11,  the  photopic  transmission  of  the  metal  surface  was  calculated  to  be  87%.  In  addition,  the  reflectance  of  the  light 
emitted  from  the  P43  phosphor  was  calculated  using  a  similar  approach  and  Equation  9  to  be  13%.  One  should  note 
that  the  metal  reflects  twice  as  much  photopic  energy  from  P43  as  the  uncoated  visor.  In  addition,  one  should  note  that 
the  difference  between  the  photopic  transmissions  of  the  two  surfaces  is  only  6.7%.  It  is  surprising  that  such  a  small 
difference  in  visor  transmission  can  have  a  significant  impact  on  visual  performance.  This  emphasizes  the  need  to 
design  a  visor  reflective  coating  that  maximizes  photopic  transmission. 

3.2  Example  Design  ...  . 

From  the  previous  analysis,  one  can  conclude  that  some  HMD  systems  require  a  reflectivity  about  twice  that  of  the 
uncoated  visor  to  provide  adequate  light  from  the  HMD  image  source  to  the  observer.  It  is  also  easy  to  see  the  need  for 
high  photopic  transmission.  Fortunately  for  the  coating  design,  HMDs  tend  have  image  sources  that  use  phosphors  with 
fairly  strong,  spectrally  narrow  primary  emissions.  This  tendency  can  be  exploited  to  design  a  visor  reflector  that 
begins  to  look  like  an  antireflection  coating  with  a  slight  reflective  spike  (Figure  8). 

This  example  design  assumes  the  HMD  image  source  will  use  a  P43  phosphor.  As  a  result,  the  spectral  width  and 
location  of  the  visor  coating  reflection  were  chosen  to  correspond  with  the  primary  green  emission  of  the  P43  phosphor 
(Figure  7).  The  example  coating’s  notch  falls  between  530  and  565  nm.  The  next  step  was  to  choose  the  quality  of  the 
antireflection  coating  outside  of  the  reflection  notch.  To  improve  the  photopic  transmission,  an  average  reflection  of 
0.5%  was  chosen.  This  parameter  may  be  limited  by  manufacturing  issues  not  addressed  in  this  paper.  However,  once 
the  quality  of  the  antireflection  coating  and  the  width  of  the  reflective  notch  are  chosen,  only  the  average  reflection 
inside  the  reflective  notch  remains  undetermined.  Using  the  parameters  established  for  the  coating  and  Equation  1 1,  the 
average  notch  reflectivity  was  calculated  such  that  the  coating’s  photopic  transmission  was  equal  to  the  transmission  of 
the  uncoated  polycarbonate  surface.  The  resulting  reflectivity  was  calculated  to  be  17.1%.  Using  the  approach  outlined 
earlier  and  Equations  9  and  1 1,  the  example  coating’s  photopic  transmission  and  P43  reflection  were  then  calculated. 
This  coating  yielded  a  photopic  transmission  of  93.7%  and  a  P43  reflectivity  of  12%. 
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Table  1.  Transmissivity  of  visible  light  and  reflectivity  of  P43  phosphor  emission  for  three  visor  coatings 


Coating 

Tphot 

Rp43 

Uncoated  Polycarbonate 

93.7  % 

6.3  % 

Metallic  Reflector  (13  %) 

87.0  % 

13.0  % 

Example  Design 

93,7  % 

12.0  % 

4.  DISCUSSION 

4.1  The  Impact  of  Luminance  Transmission 

In  adding  a  reflecting  coating  to  a  visor,  the  additional  luminance  transmission  loss  should  be  insignificant  for  spectrally 
narrow  reflectors  of  peak  reflectivity  of  50%  or  less.  One  should  keep  in  mind  that  the  current  visor  can  transmit  as 
little  as  10%  of  the  available  light.  The  addition  of  such  a  coating  could  drop  the  transmission  of  a  particular  narrow 
spectral  band  to,  at  most,  5%  while  leaving  the  visor’s  transmission  over  the  rest  of  the  visible  spectrum  unchanged. 
However,  if  this  proves  to  be  a  problem,  one  conceivable  solution  would  be  to  alter  the  absorption  of  the  visor  to  make 
it  more  transmissive  in  the  same  place,  spectrally,  as  the  coating  is  more  reflective  (Figure  9).  The  combination  of  the 
two  would  then  yield  an  overall  transmission  similar  to  the  standard,  uncoated  visor. 
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Coating 


Visor  &  Coating 


XXX 

Figure  9.  Graphical  representation  of  the  combination  of  visor  and  coating  transmission. 


4.2  The  Impact  of  Color  Perception 

The  potential  exists  for  spectrally  non-neutral  coatings  to  influence  an  observer’s  perception  of  color.  Such  color  shifts 
should  be  investigated  for  each  coating  and  visor  combination  using  conventional  techniques  for  calculating  the  color 
coordinates  of  cockpit  displays,  as  seen  through  both  uncoated  and  coated  visors,  and  determining  the  magnitude  of  the 
coordinate  shift  induced  by  the  coating,  such  as  those  outlined  by  Wyszecki  and  Stiles  [Wyszecki  and  Stiles  1982].  One 
then  must  consult  the  body  of  literature  on  color  naming  and  color  recognition  to  determine  if  the  induced  color  shift 
will  inhibit  an  observer’s  ability  to  correctly  identify  the  colors  presented  by  the  display.  The  tolerances  on  color 
coordinate  shift  are  expected  to  be  fairly  large  [Post  and  Calhoun  1988].  However,  should  color  perception  become 
problematic,  the  approach  described  in  the  previous  section  of  altering  the  absorption  of  the  visor,  making  it  more 
transmissive  where  the  coating  is  more  reflective  (Figure  9),  could  be  applied.  Therefore,  the  impact  on  color 
perception  is  expected  to  be  minimal. 


5.  CONCLUSIONS 

Visor  coatings  can  be  engineered  to  increase  the  amount  of  photopic  energy  available  to  the  observer  while 
minimizing  unwanted  visual  phenomena  and  minimizing  the  impact  on  “Tally  Ho”  distance.  To  increase  visor 
transmission,  a  modified  antireflection  coating  can  be  applied  to  the  rear  surface.  This  coating  effectively  “stacks  up” 
reflectivity  in  a  spectral  region  where  the  HMD  source  is  strong,  such  as  in  the  green  for  the  P43  phosphor,  while 
minimizing  it  everywhere  else  in  the  visible  spectrum.  The  end  result  is  a  visor  surface  that  transmits  more  light  than  an 
uncoated  surface  but  reflects  more  HMD  light  also.  Increasing  visor  photopic  transmission  increases  perceived  target 
contrast  and,  therefore,  increases  “Tally  Ho”  distance.  This  strategy  also  enables  one  to  gain  the  added  benefit  of 
minimizing  unwanted  reflections  from  the  pilot’s  own  face  and  eyes. 

The  impact  of  the  visor  coating  should  be  minimal.  Its  effect  on  overall  luminance  transmission  should  be  small 
because  of  the  absorbing  dye  that  tints  the  daytime  visor.  The  amount  of  energy  from  the  outside  world  affected  by  the 
coating  is  small  when  compared  to  the  visor  tint.  This  tint  can  absorb  more  than  50  to  80%  of  the  incident  light, 
depending  on  how  dark  the  visor  is.  Color  shifts  are  expected  to  also  be  insignificant.  The  spectral  reflections  exploited 
could  be  10  to  50%  depending  on  the  luminance  and  spectral  characteristics  of  the  HMD  source.  In  addition,  the  human 
tolerance  for  color  naming  is  fairly  large  and  should  be  adequate  to  overcome  color  coordinate  shifts  induced  by  the 
visor  coating.  Finally,  should  either  luminance  transmission  or  color  perception  be  significantly  impacted, 
compensation  can  be  made  for  both  in  the  absorption  of  the  visor  tint. 
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ABSTRACT 

Retroactively  introducing  night  vision  goggles  to  aircraft 
whose  initial  design  did  not  account  for  them  often  poses 
safety  and  operational  concerns.  The  addition  of  extra 
devices,  such  as  Night  vision  goggles  (NVG),  are  of 
particular  concern  in  the  fighter  community.  Fighter 
pilots  must  continue  to  contend  with  where  to  stow  the 
NVG’s  during  landing  and  take-off  phases  of  flight  until 
an  ejection-safe  NVG  is  fielded.  This  issue  was 
highlighted  recently  when  an  NVG  storage  case  became 
entangled  in  the  flight  controls  of  an  A-10  attack  aircraft. 
In  the  cargo  and  bomber  communities,  non-NVG 
compatible  lighting  often  poses  problems  impacting  the 
performance  of  the  goggles.  The  prohibitive  cost  of  major 
aircraft  lighting  modifications  often  force  aircrews  to 
improvise,  adapt  and  overcome  the  limitations  of  the 
cockpit  design  to  perform  their  missions.  Occasionally 
aircraft  System  Program  Office’s  (SPO)  attempt  to  solve 
some  of  these  problems  with  partially  effective  low-cost- 
altemative  solutions.  Retroactive  solutions  to  effectively 
introduce  and  integrate  NVGs  must  be  well  thought  out 
with  the  safety  of  the  aircrew  as  the  primary  concern. 
Methods  of  retrofitting  the  B-l  Bomber  with  a  light¬ 
weight  light-blocking  curtain  will  be  addressed. 
Additionally,  results  of  a  comparative  study  on  various 
types  of  batteries  will  be  presented,  with  possible 
solutions  for  eliminating  NVG  storage  cases  from  the 
fighter  cockpits  concluding  this  paper. 

INTRODUCTION 

B-l  Curtain 

As  night  vision  goggle  performance  factors  improve  with 
such  advances  in  optical  lens  coatings  and  reduced  halo 
intensifier  tubes,  cockpit  integration  of  these  and  other 
devises  must  constantly  be  considered  in  their 
development  and  implementation.  Fabrics5  qualities 
within  the  cockpits  should  he  considered  prior  to 
introducing  NVG’s  to  new  weapon  systems.  Fabrics  with 
high-sheen  characteristics  reflect  excess  light  causing 
glare,  bloom,  and  system  gain  reduction  in  the  NVG’s. 


Many  of  these  aspects  although  superficial  in  comparison 
to  other  flight  issues,  could  negate  the  intended  weapon 
system  improvements. 

An  effort  to  improve  the  lighting  in  the  B-l  was  initiated 
at  the  B-l  SPO,  Wright-Patterson  AFB.  Incompatible 
lighting  in  the  front  cockpit  was  corrected  with  the 
addition  of  a  “Christmas  Tree”  lighting  modification. 
This  relatively  inexpensive  modification  involves  the 
installation  of  a  string  of  NV G-compatible  lights  around 
the  flight  instruments,  similar  to  those  used  to  decorate  a 
tree.  These  lights  enable  the  crew  to  look  under  the 
NVG’s  to  observe  their  instruments  with  their  naked  eyes 
without  the  light  effecting  the  NVG’s  performance. 
However,  since  the  Offensive  and  Defensive  System 
Officers  (“Back-seaters)  don’t  require  NVG’s,  lighting 
modifications  were  not  made  to  their  stations,  leaving  full 
spectrum  lighting  in  the  aft  compartments. 

This  created  problems  with  incompatible  lighting  flooding 
into  die  forward  flight  station  degrading  the  NVG’s 
performance.  When  exposed  to  excessive  light,  the 
NVG’s  auto-gain  feature  activates  reducing  the  level  of 
light  intensification  as  a  means  of  protecting  the  system 
from  over  light  saturation.  The  gain  reduction  results  in  a 
general  reduction  of  goggle  performance  and  thus  visual 
aequity  to  the  user. 

A  means  to  stop  the  transition  of  light  from  the  back  to 
the  forward  area  was  needed.  A  prototype  curtain  was 
locally  fabricated  using  a  heavy  black  nylon  fabric  as  a 
first  attempt  to  stop  the  ‘had”  light  They  selected  a  black 
fabric,  as  it  was  perceived  to  have  lower  reflectivity.  The 
curtain  was  installed  in  the  hallway  between  the  fore  and 
aft  flight-stations,  and  then  evaluated  on  the  ground  for 
form  and  function.  When  viewed  through  NVGs,  the 
curtain  appeared  to  “glow"  from  the  transmission  of  non- 
compatible  lighting  through  the  weave  of  the  fabric.  A 
non-porous  material  was  needed  to  stop  the  light’s 
transmission.  The  evaluators  improvised  and  modified 
the  curtain  by  attaching  material  from  a  35mm  projector 
screen  onto  the  back  of  the  nylon  curtain.  Although  this 
modification  successfully  blocked  the  transmission  of 
light  when  viewed  through  NVGs,  the  resulting  curtain 
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was  very  bulky  and  concerns  of  reflectivity  and  general 
safety  surfaced.  The  prototype  curtain  was  sent  to  the  Air 
Force  Research  Laboratory  for  spectral  evaluation.  The 
materials  were  immediately  recognized  as  unsuitable  for 
the  typical  military  flight  environment.  The  flammability 
of  the  nylon  was  the  first  concern  and  although  the 
characteristics  of  the  projector  screen  material  were 
unknown,  the  safety  and  availability  of  the  material  would 
likely  be  questionable  for  general  application  in  fielding 
the  design. 

Sample  Selection 

Efforts  to  find  replacement  materials  began  immediately. 
Materials  had  to  have  low  reflectivity  and  low  or  zero 
light  transmission.  The  materials  also  needed  to  be  fire 
resistant  for  use  in  the  cockpit  environments. 

The  samples  identified  in  Table-1  were  selected  for 
evaluation.  Several  of  the  samples,  such  as  the  flight 
clothing  and  B-52  material,  were  materials  already 
approved  for  use  in  flight  environments.  The  other 
samples  were  selected  based  on  the  known  flame  resistant 
qualities  of  both  Nomex™  and  fiberglass. 


methods.  During  transmission  evaluation,  a  Hoffman 
ANV-120  integrating  sphere  provided  a  calibrated  light 
source  for  transmitting  light  through  the  subject  materials. 
Any  light  transmitted  was  captured  and  intensified  using 
an  NVG  (model  AN/AVS-9)  on  the  other  side  of  the 
subject  material.  A  luminance  probe  measured  the 
goggles  output  luminance  before  and  after  the  subject 
material  was  inserted  in  the  light  path  between  the  light 
sphere  and  the  NVG.  Light  transmitted  through  the  fabric 
would  be  a  percentage  of  the  light  originally  measured  in 
the  sphere. 

The  NVG’S  were  focused  to  infinity  and  eyepiece  lenses 
set  at  zero-diopter  using  the  Hoffman  ANV-126  and  then 
centered  on  die  sphere’s  output.  After  a  brief  NVG 
warm-up,  the  luminance  in  the  sphere  was  adjusted  to 
(1.980  x  10 3  Foot-Lamberts).  A  reference  reading  was 
recorded  before  measuring  the  samples  by  placing  the 
luminance  probe  in  the  center  of  the  sphere’s  output.  The 
sample-reading  would  later  be  divided  by  this  reference- 
readings  to  determine  the  percentage  of  light  transmitted. 
Zero  light  transmission  was  the  desired  readings  with 
eight  samples  meeting  this  goal,  (see  Table  2  ) 


Flight  clothing  was  selected  for  evaluation  since  their  use 
in  flight  environments  had  already  been  established. 
Evaluating  the  flight  clothing  would  also  provide  a 
baseline  of  reflectance  levels  already  tolerated  in  the 
cockpits. 


SAMPLE  # 

Description 

1 

Teflon-Coated  Fiberglass  (55-5) 

2 

Teflon-Coated  Fiberglass  (55-10) 

3 

Mylar  Sandwich 

4 

Rubber-coated  Cotton  (two-sides) 

5 

Flat-Black  Rubberized 

6 

Proto-type  (Nylon/screen) 

7 

NOMEX-Black 

8 

NOMEX-Sage  green 

9 

TCTO  Curtain  (Urinal) 

10 

B-52  Curtain-Cotton  (un-coated) 

11 

B-52  Curtain-Cotton  (rubber  coated) 

12 

Green  Flight  Jacket  (CWU-36/P) 

13 

Teflon-Coated  Nomex  (63-10) 

Table  L  Subject  Samples 


Set-up  &  Testing-Transmission 

The  samples  were  measured  for  both  light  transmission 
and  spectral  reflective  qualities  using  the  following 
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Table  2.Transmission 

Set-up  &  Testing-Spectral  Reflectance 
Assessing  the  spectral  reflectance  qualities  of  the  fabrics 
involved  bouncing  a  2856K  light  source  off  the  subject 
materials  and  measuring  the  reflected  light  using  a 
spectradiometer.  A  reference  reading  of  the  light  source 
was  directly  measured  to  calculate  the  percentage  of  light 
reflected.  This  would  provide  the  “spectral”  reflectance 
of  the  material  samples. 

Figure  1 .  Measuring  Spectral  Reflectance 
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We  placed  the  2856K  light  source  at  a  90°  angle  to  the 
sample  surface  and  parallel  to  the  original  reference 
measurement  axis.  The  speetradiometer  was  positioned 
45°  off  the  original  measurement  axis  with  the  lens 
positioned  52”  and  centered  from  the  target  area  to  adjust 
for  the  focal  length  of  the  speetradiometer. 

After  a  15-minute  warm  up  for  the  light  source,  the 
samples  were  positioned  flat  against  the  target  plate  and 
individually  scanned  and  recorded  on  a  laptop  computer. 
The  2856k  source  was  then  placed  in  the  sample  location 
and  centered  in  the  field  of  measure  for  the 
speetradiometer.  A  scan  of  the  light  source  was  taken 
from  the  same  45°  off  axis  target  plate  location.  This 
reading  would  serve  as  the  base  line  for  division  of  the 
sample  scans  giving  us  the  spectral  reflectance  qualities  of 
the  materials.  See  Table  3  for  results. 


well  in  the  tests,  but  was  not  selected  due  to  flammability 
concerns. 

The  relative  high  reflectivity  of  standard  flight  clothing 
was  validated  in  both  this  study  and  in  the  1994  B-l 
Night  Vision  Enhancement  Project  Report,  with  the  need 
to  consider  newer,  lower  reflective  fabrics  cited.1 

The  manufacture  of  the  Teflon-coated  materials,  CS  Hyde 
Company,  boasts  flame  resistant  qualities  in  the  fiberglass 
samples,  but  these  fabrics  tended  to  be  less  pliable  with  a 
tendency  to  crease  when  folded.  This  would  likely  effect 
the  long-term  durability  of  the  curtains.  We  selected  the 
Nomex™  fabric  because  of  it’s  pliability,  flame  resistant 
qualities  and  from  it’s  prior  approval  for  use  in  flight 
environments. 

CS  Hyde  fabricated  a  proto-type  curtain  using  the  Teflon- 
coated  Nomex™.  The  curtain  was  evaluated  for  form  and 
function  on  the  B-l  bombers  at  Ellsworth  AFB,  ND  with 
highly  positive  results.  If  approved  for  use,  the  entire  B-l 
bomber  fleet  will  likely  receive  copies  of  these  new  light¬ 
blocking  curtains. 


Table  3.  Spectral  Reflection  Results 


The  Teflon™-coated  fiberglass  and  Nomex™  materials 
(samples  1,  2  &  13)  performed  well  exhibiting  relatively 
low  reflectance  and  zero  transmission.  Just  as  important, 
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both  qualities  were  achieved  with  a  single  fabric-layer 
design  as  opposed  to  Sample  11,  which  was  the  two-layer 
bulky  B-52  curtain.  Sample  5  performed  well  with  zero- 
reflectance,  but  lacked  the  necessary  flame  protection 
qualities.  The  original  curtain  (sample  #6),  performed 
well  in  the  transmission  tests,  but  faired  relatively  poorly 
when  assessed  for  reflection.  It’s  bulkiness  and 
flammability  did  not  help  it’s  case  either.  Sample  #4  did 


This  study  was  successful  in  discovering  a  new 
lightweight  material  solution  for  inexpensively  retrofitting 
the  B-l  bombers  for  NVG  operations.  Additionally,  the 
B-52  bomber  fleet  and  other  airframes  could  benefit  by 
adopting  this  new  curtain  in  exchange  for  their  two-layer 
cumbersome  cotton  curtains. 

Powering  NVG’s 

Field  units  have  loudly  expressed  their  disdain  for 
products  powered  by  lithium  or  “exotic”  batteries. 
They’re  justifiably  concerned  about  with  the  availability 
of  custom  designed/special  purpose  batteries  either  prior 
to  short  notice  deployment  or  when  deployed  to  remote 
locations.  There’s  a  strong  preference  for  a  battery  that’s 
available  at  any  “grocery  store”  worldwide. 

Lithium  batteries  pose  many  logistical  problems  for 
supervisors  in  the  field.  Storage,  disposal  and 
transportation  of  these  hazardous  items  increases  the 
supervisors  workload  and  budget  requirements.  With 
reduced  manpower  levels  across  the  DOD,  supervisors  are 
adamant  about  minimizing  procedures  for  common  tasks. 
Having  to  dispose  of  environmentally  hazardous  lithium 
batteries  is  an  arduous  task  they  would  prefer  to  eliminate. 
Additionally,  shipping  these  items  during  deployments 
dramatically  increases  the  paperwork  and  stress  prior  to  a 
deployment.  But  is  the  use  of  lithium  batteries  justified 
with  improved  performance? 
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A  two-fold  study  was  conducted  to  both  compare  lithium 
and  alkaline  batteries  and  to  base  line  the  battery 
consumption  rates  of  the  four-tube  (image  intensifier) 
Panoramic  Night  Vision  Goggle  (PNVG)  system.  We 
anticipate  the  requirement  of  this  data  during  final  critical 
design  and  logistical  decisions  for  the  new  Integrated 
PNVG  (IPNVG)  system. 


Strip  Chart 


During  the  test,  we  compared  the  3.6V  AA-size  lithium 
and  AAA-size  alkaline  batteries  for  endurance  under 
maximum  current  draw  conditions  for  the  four-tube 
PNVG  systems.  The  3.6  volt  lithium  battery  is  the  same 
battery  currently  used  to  power  the  goggles  in  the  field. 
The  “Banana”  mount  must  have  extender  caps  installed 
prior  to  using  this  AA  full-sized  battery.  We  also  ran  a 
test  with  a  two-tube,  AN/AVS-9  (F4949)  NVG  for 
comparison. 

EQUIPMENT: 

7101B  Hewlett-Packard  strip  chart  recorder 
1980A  Pritchard™  photometer  S/N  C-512 
VARIAC  Voltage  Control 
4-Watt  light  bulb  w/  holder 
Lab  jack 

Foam  core  lined  box  21”  h  x  20”  w  x  19”  d 
SAFT™  Battery,  Lithium  3.6V  (AA-size) 

Kodak™  Battery,  1.5  (AAA-size) 

Energizer™  Battery,  1 .5  (AAA-size) 

PNVG  II,  Configuration  4,  S/N  0001 
PNVG  I,  Configuration  2,  S/N  0002 
F4949D,  S/N  3873 

We  lined  a  box  with  white  foam  core  to  provide  a 
relatively  even  luminance  into  the  goggles  objective 
lenses.  The  box  was  placed  on  its  side  on  an  optical  table 
and  a  lab  jack  placed  six  inches  into  the  box.  The  jack 
would  be  used  to  elevate  the  goggles  into  the  center  of  the 
box  opening.  A  foam  core  baffle  was  then  placed  in 
front  of  the  lab  jack  to  reflect  light  back  into  the  box 
cavity.  We  then  centered  a  4-watt  light  within  in  the  box, 
in  front  of  the  baffle  and  plugged  the  light  into  a  variable 
power  controller.  The  lab  jack  was  raised  to 
approximately  center  the  goggles  to  be  measured  in  the 
box.  (See  Figure  2) 

Once  initial  set-up  was  accomplished,  we  calibrated  the 
photometer  and  placed  the  detector  head  perpendicular  to 
the  opening  of  the  box  approximately  one  meter  from  the 
box  opening.  This  would  allow  sufficient  distance  to 
focus  the  detector  onto  the  output  of  the  subject  NVG. 


Figure  2.  Battery  Consumption  Test 


We  selected  the  20-minute  measuring  aperture  and  a 
(10:1)  scale  for  low  magnification  and  a  strip-chart 
recorder  was  attached  to  the  photometer  to  record  the 
luminance  levels.  We  checked  the  scale  on  the  recorder 
and  zeroed  it  to  the  output  of  the  photometer  and  set  the 
strip  chart  recorder  to  10V  and  1  in/hour  scale  as  a 
compromise  between  sensitivity  and  readability. 

The  goggles  were  positioned  onto  the  lab  jack  and  the 
photometer  was  focused  onto  the  output  of  the  left 
channel  of  the  F4949  goggles,  and  the  left-central  channel 
of  the  PNVG’s.  We  adjusted  the  20-minute  aperture  of 
the  photometer’s  detector  to  be  overfilled  by  2/3  to 
maximize  luminance  input.  With  the  basic  test  set-up 
accomplished,  we  turned  out  the  lights  and  started  the 
strip  chart  recorder.  The  photometer  measurement 
aperture  was  opened  and  the  goggle  battery  pack  switched 
“ON”. 

The  variable  power  controller  for  the  4-watt  light  bulb 
was  “zeroed”  then  switched  “ON”.  While  watching  the 
luminance  level  on  the  photometer,  we  slowly  increased 
the  light  bulb’s  intensity.  The  intensity  was  carefully 
adjusted  until  the  goggles  out-put  leveled  off,  indicating 
activation  of  the  goggles’  protective  gated  power  supply 
system.  We  then  reduced  the  goggle  output  by  10%  by 
reducing  power  to  the  4-watt  bulb. 

Once  initiated,  we  monitored  the  test  hourly.  The 
batteries  all  supplied  consistent  power  as  indicated  by  the 
level  luminance  readings  on  the  strip  charts.  We 
concluded  the  tests  when  the  readings  on  the  strip  chart 
“nosed  over”  indicating  a  drop  in  goggle  output 
luminance  caused  from  a  lack  of  sufficient  current  to  the 
image  intensifiers.  At  the  conclusion  of  the  tests,  the 
photometer’s  aperture  was  closed  and  all  associated 
equipment  was  shut  down. 

Two  unusual  observations  were  noted  during  the  tests. 
The  first  was  an  asymmetric  luminance  degradation  of  the 
optical  channels  towards  the  end  of  the  battery  life  when 
testing  the  four-tube  PNVG  systems.  The  output  of  the 
left  out-board  channel  was  noticeably  brighter  than  the 
adjacent  optical  channels.  The  luminance  levels  degraded 
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from  right  to  left  with  the  right  most  channel  being  the 
most  dim. 

Another  interesting  characteristic  we  noted  was  a  high 
rate  of  flashing  in  all  optical  channels  when  the  PNVG  Ps 
with  AAA  batteries  reached  approximately  1.97  vdc.  The 
image  intensifiers  began  an  on/off  oscillation  at  a  rate 
similar  to  the  flash  rate  of  the  low  battery  indicator. 

The  four-tube  PNVG’s  with  the  AA  Lithium  batteries 
averaged  7.45  hours  while  the  other  four-tube  PNVG 
version  averaged  11.18  hours  using  the  AAA  alkaline 
batteries.  Both  battery  types  would  provide  sufficient 
energy  to  power  either  a  two-tube  or  four-tube  NVG 
system  on  a  typical  4-5  hour  mission,  (see  Table  4.) 

Using  the  aircraft's  power  to  energize  helmet  accessories 
would  be  ideal  for  both  the  user  and  the  maintainers.  For 
the  maintainers,  a  ship-side  power  supply  would  reduce 
the  logistical  footprint  during  deployments.  However, 
maximum  commonality  in  aircraft  and  man-side 
components  must  be  stressed. 

NVG  In-flight  Storage 

Storing  NVG1  in  a  fighter  cockpit  poses  serious  concerns. 
Currently,  NVGs  are  removed  during  critical  phases  of 
flight  to  include  landings  and  take-offs.  When  removed, 
today's  goggles  are  placed  in  their  storage  case,  which 
typically  is  the  size  of  a  lunch  box.  When  the  carry  strap 
of  one  of  these  cases  became  entangled  in  the  flight 
controls  of  an  A-10  attack  jet,  the  immediate  removal  of 
the  straps  was  orderd  Air  Force  wide.  However,  the  issue 
of  storing  the  case  in  the  jet  remains.  With  the  tight 
confines  of  today's  modem  fighter  aircraft,  there’s  hardly 
room  for  any  additional  items.  The  ideal  solution  would 
be  to  simply  eliminate  the  need  to  remove  and  store  the 
NVG’s.  The  helmet-mounted  Integrated  Panoramic  Night 
Vision  Goggle  (I-PNVG)  will  solve  this  as  it  will  remain 
attached  to  the  pilot's  helmet  during  all  phases  of  flight. 
They  will  have  the  capability  to  be  removed  from  the 
pilots'  field  of  view  by  simply  rotating  them  to  an  up  and 
stowed  position,  but  will  drop  down  during  ejection  to 
provide  wind  blast  protection,  (see  Figure  3) 


Figure  3,  Integrated  PNVG 

However,  until  these  goggles  are  fielded,  an  interim 
solution  to  safely  stow  the  today’s  goggles  needs  to  be 
devised.  An  early  attempt  to  solve  this  problem  was 
initiated  by  designing  an  NVG  storage  bracket  for 
attachment  to  the  inside  of  the  cockpit  wall.  The  goal  was 
to  find  a  design  solution  that  would  not  require  aircraft 
modifications,  would  be  inexpensive  to  produce,  and 
could  integrate  in  a  maximum  number  of  airframes. 

The  first  bracket  design  utilized  an  ANVIS-style  NVG 
helmet  mount  that  allowed  the  NVG's  to  easily  click  in 
and  out  of  the  bracket.  The  intent  of  this  design  approach 
was  to  use  the  unoccupied  oxygen  regulator  storage 
bracket  as  a  mounting  point.  Since  the  actual  oxygen 
regulator  would  be  attached  to  the  pilot's  torso  harness  in¬ 
flight,  the  regulator  storage  bracket  would  be  available 
for  use  during  flight  to  mount  an  NVG  storage  bracket, 
(see  Figure  4) 


Figure  4.  Initial  NVG  Cockpit  Mount-Version  I 

However,  during  field  evaluation  we  discovered  a  couple 
of  problems  with  this  design.  The  pilots  we  interviewed 
explained  that  the  wall-mounted  regulator  brackets  were 
seldom  in  serviceable  condition  due  to  their  flimsy 
mounting  points.  In  the  F-16,  the  bracket  is  attached  to  a 
thin  sheet  of  a  plastic-like  material.  This  caused  the  NVG 
storage  bracket  to  wobble  during  use.  The  bracket  moved 
during  installation  and  removal  making  it  unstable  to  use. 

Additionally,  the  position  of  the  wall  bracket  posed  some 
possible  spatial  disorientation  issues.  Since  the  bracket 
was  positioned  on  the  lower  right  wall  behind  the  ejection 
seat,  the  pilots  would  have  to  turn  their  heads  down  and  to 
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the  right  during  storage  and  removal  of  the  NVGs. 
Placing  the  head  at  these  axis,  particularly  at  night  could 
cause  the  pilots  to  experience  some  levels  of  spatial 
disorientation. 

The  pilots  recommended  we  alter  our  design  to  mount  the 
bracket  on  the  canopy’s  hand  rail,  or  what  they  referred  to 
as  the  “towel  rack.”  The  hand  rails  are  used  to  manually 
lift  the  canopy  open  during  an  emergency  ground  egress. 
The  right-side  hand  rail  is  used  to  stow  a  portable 
floodlight.  When  not  flying,  the  floodlight  is  attached  to 
the  right  lower  panel,  but  during  night  flights,  is  brought 
forward  and  attached  to  the  rail  via  a  small,  adjustable 
clamp.  We  redesigned  our  NVG  storage  bracket  to  mount 
to  the  same  style  clamp  as  is  used  with  the  floodlight. 
(See  Figure  5) 


Figure  5.  NVG  Cockpit  Mount-Version  II 

The  design  is  simple  and  inexpensive  to  produce.  We 
sent  the  newly  designed  mount  to  the  113“  F- 16  Fighter 
Squadron  in  Terra  Haute  Indiana  for  further  assessment 
and  are  awaiting  feedback  to  finalize  the  design.  If  the 
design  proves  worthy  of  implementation,  flight  safety  in 
the  fighters  could  be  improved  with  the  removal  of  the 
NVG  storage  case.  Pilots  will  be  able  to  safely  store  their 
NVG’s  without  having  to  fumble  for  storage  cases,  and 
the  storage  cases  will  no  longer  pose  threats  as  loose 
objects  within  the  cockpit.  This  improved  design  should 
also  minimize  spatial  disorientation  events  by  allowing 
the  pilots  to  store  their  NVG’s  without  having  to  turn  then- 
heads. 

In  conclusion,  we  must  ensure  integrating  future  cockpit 
technologies  are  well  considered  to  minimize  or  eliminate 
retrofitting  with  band-aid  solutions.  When  selecting 
power  sources  for  these  technologies,  logistical  support 
issues  must  be  considered  on  how  they’ll  inpact  the 
manning  at  the  gaining  support  units,  regardless  of  the 
edge  these  additions  contribute.  If  they  can’t  be  sustained 
logistically,  they’re  of  no  use  to  the  war-fighter. 
Recommend  inviting  troops  from  “the  trenches”  during 


early  design  considerations  to  add  insight  to  potential 
designs  and  identify  unanticipated  limitations. 
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SUMMARY 


This  paper  is  divided  into  two  main  sections: 
Visual  significance  of  NVG  characteristics  and 
Cockpit/NVG  integration  issues.  The  first  section 
deals  with  the  relationship  between  the  NVG 
characteristics  discussed  in  the  previous  paper 
and  visual  capability.  The  second  section  explores 
several  issues  associated  with  successfully 
integrating  the  NVG  with  the  aircraft  cockpit  for 
optimum  system  performance, 

VISUAL  SIGNIFICANCE  OF  NVG  CHARACTERISTICS 

Table  1  is  a  listing  of  the  NVG  parameters 
discussed  in  the  previous  paper  paired  with  the 
visual  parameter  that  it  is  most  closely  related  to. 
Each  of  these  is  discussed  in  the  following 
sections. 


Table  1 .  NVG  and  Vision  Parameters. 
NVG  PARAMETERS _ vision  parameters 


Field-of-view 
Image  quality 
Exit  pupil  size 
Eye  relief 

Image  location  (focus) 
Luminance  level 
Luminance  gain 
Luminance  uniformity 
Beamsplitter  ratio 
Distortion 
Magnification 
Input/output  align. 
Image  rotation 
Fixed  pattern  noise 
Signal-to-noisi.  ratio 

Field-of-View 


Visual  field 
Visual  acuity 
Eye  pupil  diameter 
Eyeglasses 
Accommodation 
Brightness 
Visual  acuity 
Image  perception 
Image  perception 
Image  perception 
Binocular  effects 
Binocular  effects 
Binocular  effects 
Masking/distraction 
Visual  acuity 


The  visual  parameter  that  corresponds  to  the 

NVG  FOV  is  the  human  eye's  visual  field  which  is 

approximately  200  degrees  horizontally  and  120 

degrees  vertically  (Wells  et  al,  1989).  However,, 
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this  is  somewhat  misleading  since  the  visual 
acuity  over  this  range  is  quite  varied.  Only  the 
central  3-5  degrees  provides  high-acuity  vision; 
the  visual  acuity  drops  off  quite  rapidly  outside  of 
this  area.  This  means  that  for  a  40  degree  FOV 
NVG  some  of  the  resolution  on  the  display  is  not 
being  used  by  the  visual  system;  but  the  "extra" 
FOV  is  important  for  providing  peripheral  vision 
information. 

The  total  FOV  may  be  increased  by  partially 
overlapping  the  two  NVG  oculars  as  noted  in  the 
previous  paper.  At  least  one  study  suggests  that 
there  is  little  performance  difference  between 
100%  overlap  and  80%  overlap  for  visual 
recognition  performance  (Landau,  1990)  implying 
that  an  80%  overlap  binocular  NVG  may  be  a  good 
compromise  between  the  need  for  larger  FOV 
without  impacting  visual  performance.  However, 
in  real  NVG  oculars  there  are  other  factors  that 
may  produce  undesirable  binocular  effects  in  the 
overlap  region.  If  the  oculars  have  a  signficant 
center  to  edge  luminance  non-uniformity  then  this 
could  result  in  a  binocular  luminance  imbalance  for 
parts  of  the  overlap  image  region.  Barrel  or 
pincushion  distortion  may  not  be  noticeable  for 
fully  overlapped  oculars  but  if  they  are  only 
partially  overlapped  then  the  distortion  may  result 
in  a  mismatch  between  corresponding  points  in  the 
two  oculars  (Self,  1986)  producing  binocular 
rivalry. 

Imaoe  Quality 

The  visual  parameter  corresponding  to  image 
quality  (resolution  &  contrast)  is  visual  acuity. 
Normal  visual  acuity  for  the  human  eye  is 
approximately  one  minute  of  arc  for  high  contrast, 
brightly  lit  targets.  However,  this  acuity  is 
reduced  for  lower  light  levels  such  as  those  found 
in  the  NVG  display  (maximum  of  about  1  to  2  foot- 
Lamberts  with  typical  operational  luminances 
much  lower).  If  one  were  to  match  the  display 
image  quality  to  the  human  eye,  a  first  order 
design  might  result  in  a  pixel  on  die  display 
subtending  an  angle  of  one  minute  of  arc.  For  an 
image  source  consisting  of  500  bv  500  Dixets.  this 


would  mean  an  angular  subtense  of  the  entire 
display  of  500  minutes  of  arc,  or  500/60  *  8.3 
degrees.  While  this  NVG  might  result  in  good 
image  quality  to  the  human  eye,  it  would  be  an 
extremely  small  display.  Most  NVGs  provide  a 
FOV  that  results  in  an  angular  resolution  larger 
than  one  minute  of  arc  suggested  by  human  visual 
acuity. 

Exit  Pupil 

When  the  eye  pupil  is  fully  within  the  exit  pupil 
of  the  NVG  then  the  entire  FOV  is  observed;  if  the 
eye  pupil  is  only  partially  in  the  exit  pupil  (and  the 
exit  pupil  is  unvignetted)  then  the  observer  will 
still  see  the  entire  FOV  but  it  will  be  reduced  in 
brightness.  This  can  be  particularly  disconcerting 
for  NVGs  used  in  high  performance  aircraft 
because  the  pilot  may  not  know  whether  he  is 
starting  to  lose  the  exit  pupil  or  if  he  is  starting  to 
lose  consciousness  from  high  acceleration 
maneuvers.  Once  the  eye  pupil  is  outside  the  exit 
pupil  then  none  of  the  NVG  FOV  can  be  seen.  It 
should  also  be  noted  that  the  NVG  FOV  may  become 
vignetted  (lose  part  of  the  image)  if  the  eye  pupil 
is  too  close  to  or  too  far  away  from  the  exit  pupil. 

From  a  visual  capability  standpoint  it  is 
important  for-the  exit  pupil  to  be  as  large  as 
possible  to  ensure  the  eye  pupil  will  remain  within 
it  to  permit  viewing  of  the  NVG.  However,  large 
exit  pupils  typically  come  only  at  the  expense  of 
greater  size  of  optics  and  weight  on  the  head.  In 
addition,  if  the  FOV  is  very  large  then  the  eye 
must  rotate  to  view  the  edge  of  the  display.  Since 
the  eye  rotates  about  a  point  within  the  eye,  the 
eye  pupil  moves  within  the  NVG  exit  pupil.  If  the 
NVG  exit  pupil  is  not  large  enough  then  it  is 
possible  for  the  entire  display  to  disappear  every 
time  the  observer  tries  to  move  his  eyes  to  view 
the  edge  of  the  display.  Exit-pupil-forming  optical 
systems  also  increase  the  difficulty  of  making 
accurate  adjustments  for  binocular  or  biocular 
NVGs  in  that  each  eye  pupil  should  be  centered  in 
each  exit  pupil  of  the  NVG. 

Em  Relief 

As  with  so  many  other  NVG  parameters,  larger 
eye  relief  usually  means  larger  and  heavier  optics. 
The  reason  for  having  a  large  eye  relief  is  to  allow 
the  use  of  eyeglasses  with  the  NVG  (Self,  1973; 
Task  et  al,  1980).  The  eyeglasses  may  be  for 
visual  correction,  eye  protection  or  both. 

Image  Lasaliao 


In  order  to  obtain  good  image  quality  the  eye 
lens  must  focus  at  the  same  optical  distance  as  the 
virtual  image  produced  by  the  eyepiece.  For  young 
eyes  which  have  a  fairly  large  accommodative 
range  there  is  a  tendency  to  set  the  focus  (for 
NVGs  that  have  eye-lens  diopter  adjustment)  so 
that  the  image  is  too  near.  The  image  may  look 
clear  but  long  term  wear  of  the  NVGs  with  the 
image  at  a  close  distance  may  lead  to  visual 
fatigue.  For  night  operations  it  makes  sense  to 
have  the  NVG  image  focussed  at  the  same  distance 
as  the  aircraft  panel  instruments  to  minimize  the 
time  required  to  visually  switch  between  looking 
at  the  NVG  and  looking  at  flight  instruments. 

Luminance  Level 

Brightness  is  the  visual  sensation  or  perception 
that  corresponds  to  luminance.  The  luminance 
level  has  a  significant  effect  on  the  pupil  diameter 
of  the  eye;  a  higher  light  level  means  a  smaller 
pupil  diameter  and  vice  versa.  The  visual  acuity 
of  the  human  eye  also  varies  with  eye  pupil 
diameter  (Farrell  &  Booth,  1984).  However,  for 
NVG  applications  the  luminance  must  be  kept 
reasonably  low  to  match  cockpit  lighting  levels  for 
night  operations.  Thus  the  resolution  observed  on 
the  NVG  may  well  be  a  result  of  a  combination  of 
the  inherent  resolution  of  the  NVG  and  the  limits  of 
visual  acuity  of  the  eye  at  low  light  levels. 

Luminance  gain 

There  isn't  a  direct  visual  analog  to  luminance 
gain.  However,  the  higher  the  gain  of  an  NVG  for  a 
given  ambient  lighting  level  then  the  higher  the 
output  luminance,  which  should  result  in  higher 
visual  acuity.  A  study  by  Levine  and  Rash  (1989) 
stated  that  an  80%  reduction  in  output  luminance 
(equivalent  to  an  80%  reduction  in  gain)  by  using  a 
filter  did  not  result  in  a  statistically  significant 
reduction  in  visual  acuity.  However,  for  starlight 
conditions  their  data  showed  a  37  percent 
reduction  in  visual  acuity  (not  statistically 
significant)  which  is  a  rather  substantial  loss. 

Luminance  uniformity 

Luminance  uniformity  is  probably  not  a  critical 
factor  for  visual  performance  or  acceptance 
providing  the  luminance  variation  is  gradual  and 
not  excessive.  A  ratio  of  3:1  center  to  edge 
luminance  variation  in  NVGs  is  not  unusual. 

However,  if  the  two  NVG  oculars  are  used  in  a 
partial  overlap  mode  to  increase  the  horizontal 
686^0V  then  the  luminance  uniformity  might  be  of 


more  concern  since  this  would  produce  a  binocular 
luminance  mismatch  between  the  two  eyes. 

Distortion. ■  image  rotation,  magnification,  and 
input/  output  optical  axes  alignment 

These  four  geometric  mapping  parameters  are 
grouped  together  since,  with  the  exception 
perhaps  of  distortion,  they  are  all  primarily  a 
problem  only  for  binocular  systems.  If  a 
monocular  image  is  slightly  rotated,  or  slightly 
different  from  unity  magnification  or  slightly 
shifted  in  position  (optical  axes  alignment)  it 
really  doesn't  affect  the  visual  system.  However, 
if  the  image  in  one  eye  is  rotated  relative  to  the 
image  in  the  other  eye  at  some  point  the  amount  of 
rotation  is  sufficient  to  cause  the  visual  system  to 
be  unable  to  fuse  the  two  images.  This  could  result 
in  double  images  or  in  suppression  of  one  of  the 
images.  Similar  effects  occur  if  there  is  a 
mismatch  between  the  two  eyes  due  to  distortion, 
magnification,  or  image  position  differences 
between  the  two  oculars. 

There  may  also  be  a  less  obvious  effect  due  to 
geometric  image  mismatch.  If  the  differences  are 
not  sufficient  to  cause  image  suppression  or  double 
imaging  they  still  may  be  sufficient  to  cause  eye 
fatigue,  nausea,  and  or  headaches  when  these 
slightly  disparate  images  are  viewed  for  a  long 
period  of  time. 

in  addition,  the  distortion  effects  may  produce 
undesirable  illusions  or  image  motion  for  dynamic 
viewing  situations  (such  as  landing). 

These  four  parameters  need  to  be  specified 
based  on  their  effects  on  binocular  vision  and  not 
on  their  individual  monocular  effects. 

Sional-to-noise  ratio  ISNRI 

SNR  primarily  affects  visual  acuity.  Riegler  et. 
al.  (1991)  published  a  study  showing  the  effect  of 
SNR  level  on  visual  acuity  for  different  luminance 
levels  and  contrasts  using  NVGs.  Four  PVS-7 
image  intensifier  tubes  were  used  that  ranged  in 
value  from  a  SNR  of  1 1.37  to  17.92.  As  might  be 
expected  the  largest  visual  acuity  differences 
were  due  to  changes  in  contrast  of  the  targets  and 
light  level.  However,  there  was  a  significant 
effect  due  to  the  SNR  of  the  tubes.  The  increase  in 
visual  acuity  going  from  a  SNR  of  11.37  to  17.92 
depended  on  the  contrast  and  lighting  conditions. 

For  the  low  contrast  (20%),  low  luminance  (1% 
moon)  the  improvement  in  visual  acuity  was  about 
27%  for  the  higher  SNR  tube.  But  for  the  high 
contrast  (95%)  high  luminance  (25%  moon)  the 
improvement  was  only  about  10%.  6 


Beamsplitter  (combined  ratio 

The  NVG  beamsplitter  (if  one  is  used)  is  not 
designed  to  superimpose  the  NVG  image  on  the  real 
world  scene  but  rather  is  intended  to  permit  direct 
viewing  of  the  aircraft  HUD  undegraded  by  the 
image  intensifier  system.  This  is  accomplished  by 
turning  the  NVGs  off  when  viewing  the  HUD  and 
turning  them  back  on  when  viewing  through  the 
windscreen  (the  on/off  switching  is  done 
automatically).  But,  as  its  name  implies,  the 
beamsplitter  splits  the  light  so  that  there  is  a 
reduction  in  luminance  coming  from  the  HUD  (due 
to  the  transmission  coefficient  of  the 
beamsplitter)  and  a  reduction  in  luminance  coming 
from  the  image  intensifier  (due  to  the  reflection 
coefficient  of  the  beamsplitter).  In  general  the 
reflection  and  transmission  coefficients  must  add 
up  to  a  number  less  than  one  (assuming  the 
beamsplitter  coating  is  neutral  with  respect  to 
wavelength).  This  results  in  a  direct  trade-off: 
higher  transmission  means  the  HUD  will  be  easier 
to  see  but  also  means  lower  reflection  coefficient 
which  results  in  a  lower  NVG  scene  luminance.  For 
best  results  the  beamsplitter  probably  cannot 
vary  too  much  from  a  50-50  split  (same 
transmission  and  reflection  coefficient). 

Fixed  pattern  noise 

This  parameter  primarily  refers  to  the  visible 
structure  of  the  fiber  optics  twister  or  faceplate 
(if  fiber  optics  is  used  in  the  image  intensifier 
tube).  The  fiber  optics  production  method  results 
in— a  hexagonal  pattern  (also  called  "chicken  wire* 
for  this  reason)  that  may  become  visible  under 
higher  lighting  conditions.  This  acts  as  a 
distraction  or  masking  pattern  when  trying  to 
observe  the  NVG  image.  At  present  there  is  not  a 
good  means  of  quantifying  this  parameter  and  little 
data  on  the  significance  of  this  parameter  with 
respect  to  visual  performance.  Typical 
specifications  state  that  the  "chicken  wire*  shall 
not  be  objectionable. 

COCKPfT/NVG  INTEGRATION  ISSUES 

Since  NVGs  do  not  attach  to  any  part  of  file 
aircraft  it  is  usually  assumed  (incorrectly)  that 
there  really  are  no  integration  issues.  In  fact 
there  are  several  potential  integration  problems  a 
few  of  which  are  described  herein. 

Cockpit  lighting 

7  One  of  the  earliest  and  most  obvious  NVG  cockpit 
integration  problems  was  the  incompatibility  of 


the  NVGs  with  standard  cockpit  lighting.  Most 
cockpit  lighting  is  produced  by  incandescent  bulbs 
filtered  to  produce  red,  white  or  blue-white 
lighting  (depending  on  aircraft)  for  unaided  nir 
flying.  The  filtered  incandescent  lights,  how,  \ 
emit  tremendous  amounts  of  near  infra-red  energy 
to  which  the  NVGs  are  very  sensitive  (700nm  to 
900nm).  This  produces  considerable  light  pollution 
in  the  cockpit  for  the  NVGs.  The  result  is  much 
like  sitting  in  a  well-lit  room  trying  to  look  outside 
at  night;  the  reflected  light  from  the  window  is  far 
greater  than  the  meager  light  from  outside  coming 
through  the  window  so  one  only  sees  the  room 
reflections  in  the  window  instead  of  outside. 

Several  techniques  have  been  developed  to 
reduce  or  eliminate  this  problem  (Holly,  1980; 
Task  &  Griffin,  1982;  Mil  Specification  Mil-L- 
85762).  These  techniques  include  using  filters  to 
remove  the  near  infra-red,  using  baffles  to 
redirect  the  light  away  from  the  windscreen,  and 
using  alternate  lighting  sources  such  as  electro¬ 
luminescent  lighting  (which  has  a  very  low  infra¬ 
red  component).  It  should  be  noted  that  just 
filtering  the  incandescent  light  and  making  it  blue- 
green  does  NOT  mean  that  the  filter  has  removed 
the  offending  infra-red  light.  Many  plastic  filters 
that  make  the  incandescent  lighting  appear  blue- 
green  are  almost  totally  transparent  in  the  700- 
900  nm  range  so  one  must  be  careful  in  selecting 
filters  for  this  purpose. 

The  phrase  "NVG  compatible*  when  referring  to 
aircraft  interior  and  exterior  lighting  has  taken  on 
at  least  two  meanings.  There  is  no  question  that 
the  Mil-L-85762  lighting  specification  intent  is  to 
insure  that  the  cockpit  is  illuminated  with  light 
that  is  visible  to  the  unaided  eye  but  is  as  invisible 
as  possible  to  the  NVGs.  In  the  case  of  exterior 
lighting  it  is  desirable  to  have  lighting  that  is 
visible  through  the  NVGs  and  to  the  unaided  eye  but 
insure  that  it  does  not  "overpower*  the  NVGs. 

Yet  a  third  meaning  of  "NVG  compatible’  is  for 
the  light  source  to  be  visible  ONLY  to  the  NVGs  and 
not  to  the  unaided  eye  such  as  in  aircraft  landing 
lights  for  covert  operations.  Given  these  different 
interpretations  of  the  phrase  "NVG  compatible’  it 
is  recommended  that  one  be  explicit  in  defining 
exactly  what  level  of  NVG  visibility  is  desired. 


Here  again  is  another  area  in  which  "NVG 
compatible"  is  ill-defined.  For  some  applications  it 
may  be  desirable  to  be  able  to  see  the  HUD  image 
through  the  NVG  image  intensifier  system  (for 
non-beamsplitter  NVGs)  in  which  case  one  would 
like  the  NVGs  to  be  able  to  "see"  the  light  from  the 
HUD.  For  other  applications  where  the  NVG  has  a  °° 


combiner  for  viewing  the  HUD  directly  it  is 
desirable  to  have  the  NVG  be  totally  insensitive  to 
the  HUD  image  to  prevent  double  imaging  (direct 
view  and  NVG  view).  A  further  concern  with  some 
recent  NVG  designs  is  that  the  objective  lens  of 
the  NVG  may  not  be  located  in  a  position  where  it 
can  see  the  HUD. 

If  the  NVGs  are  to  be  used  to  view  the  HUD 
symbology  then  the  symbol  sizes  need  to  be 
sufficiently  large  so  that  the  resolution  of  the 
NVGs  can  still  permit  the  pilot  to  easily  read  the 
symbols.  This  means  the  HUD  symbol  sizes  should 
be  absolutely  no  smaller  that  20/60  (15  minutes 
of  arc)  and  preferably  larger. 

Another  issue  of  NVG  and  HUD  compatibility  is 
the  transmission  coefficient  of  the  HUD  combiner. 
The  HUD  image  is  produced  by  reflection  from  a 
combiner  located  directly  in  front  of  the  pilot. 

This  combiner  therefore  reduces  the  amount  of 
light  that  is  available  for  NVG  viewing  when 
looking  through  the  combiner  (even  with  the  HUD 
off)  due  to  the  transmission  coefficient  of  the 
combiner.  The  transmission  coefficient  may  be 
50%  or  less  which  means  the  scene  viewed 
through  the  combiner  will  appear  significantly 
darker  that  looking  around  the  combiner.  If  the 
HUD  is  "on"  it  is  even  more  difficult  to  view 
through  the  HUD  due  to  the  radiance  of  the  HUD 
symbology. 


There  are  several  separate  integration  issues 
associated  with  the  aircraft  windscreen.  The 
most  obvious  is  the  spectral  transmission  of  the 
windscreen.  Most  windscreens  are  designed  with 
the  visible  wavelengths  (400-700nm)  in  mind. 
Some  windscreens  do  absorb  light  in  the  very  near 
infra-red  where  the  NVGs  are  most  sensitive 
(700-900nm).  This  can  significantly  reduce  the 
effective  gain  of  the  NVGs.  Transmission 
coefficients  for  windscreens  measured  at  their 
installed  angle  can  range  from  70%  down  to  20% 
or  less  depending  on  the  aircraft  and  viewing  angle 
through  the  windscreen.  As  the  viewing  angle  is 
steeper  (toward  the  lower,  forward  part  of  the 
windscreen)  the  percent  transmission  is  lower. 
This  is  unfortunate  since  for  many  applications 
this  is  the  part  of  the  windscreen  that  is  most 
critical  for  air-ground  target  acquisition  and 
landing. 

Another  area  of  integration  concern  has  to  do 
with  the  aperture  of  the  NVG  objective  lens.  When 
a  pilot  views  through  a  windscreen  with  unaided 
vision  his  eye  pupil  is  on  the  order  of  2  to  4  mm  in 
diameter  (daylight  through  early  evening  lighting). 
Thick,  curved,  plastic  windscreens  don't  affect 


the  pilot’s  visual  acuity  because  his  eye  pupil  is 
relatively  small  (ray  bundle  sizes  are  limited  by 
the  pupil).  However,  if  a  larger  size  aperture  is 
used  for  imaging  (such  as  an  NVG  objective  lens) 
then  the  size  of  the  windscreen  over  which  the 
wavefront  aberrations  are  averaged  is  larger  and 
the  potential  for  reduced  clarity  is  greater.  This 
is  typically  not  a  problem  for  flat  glass  or  thin 
glass  windscreens  but  for  the  more  recent  bird- 
strike  resistant  windscreens  made  of  curved 
plastic  it  is  a  very  real  concern.  The  effect  of  the 
interaction  on  the  larger  NVG  aperture  with  the 
windscreen  is  lower  effective  system  resolution. 

A  third  area  of  concern  has  to  do  with  simple 
geometry.  The  NVGs  protrude  from  the  face  by  a 
considerable  distance  (as  much  as  8  inches).  For 
small  cockpits  this  can  become  a  problem  as  pilots 
try  to  look  out  to  the  side  where  there  is  not  much 
clearance  with  the  windscreen.  The  NVGs  can  hit 
the  windscreen  causing  scratches  and  not  making 
the  pilot  very  happy  either. 

Some  NVG  designs  position  the  objective  lens 
higher  or  further  off  to  the  side  than  the  natural 
eye  position.  Windscreens  are  designed  around  a 
"design  eye*  and  all  optical  quality  measurements 
are  made  from  this  nominal  viewing  box.  Since 
the  NVG  objective  lens  may  be  located  at  a 
significantly  different  position  there  may  be  a 
considerable  decrease  in  optical  quality  due  to  the 
windscreen.  In  particular,  if  the  objective  lens  is 
higher  and  therefore  closer  to  the  slanted 
windscreen,  it  will  be  looking  through  the 
windscreen  at  a  steeper  angle  which  tends  to 
reduce  transmission  and  to  enhance  distortion 
effects. 
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ABSTRACT 

Before  performing  an  airborne  mission  that  uses  night  vision  goggles  ( NVGs )  ,  aircrew  must  properly  set  the  NVG's 
various  adjustments:  interpupillary  distance,  tilt,  eye  relief,  height,  eyepiece  and  objective  lens  focus.  Currently,  aircrew 
use  a  Hoffman  20/20  test  unit  to  pre-focus  their  NVG  objective  lenses  at  optical  infinity  before  boarding  their  aircraft.  They 
may  also  refocus  their  objective  lenses  while  in  the  cockpit  and  during  the  course  of  the  mission.  This  paper  examines 
observers'  abilities  to  resolve  targets  of  different  sizes,  viewed  through  NVGs,  as  a  function  of  different  pre  focused 
distances  corresponding  to  "focusing  errors". 

INTRODUCTION 

Objective:  The  ultimate  objective  of  this  effort  was  to  determine  if  there  was  any  difference  in  NVG  visual  acuity 
depending  on  whether  NVGs  were  focused  using  a  Hoffman  20/20  test  system  or  distant  ambient  objects.  However,  due  to 
the  unavailability  of  a  Hoffman  20/20  test  unit  during  the  time  available  to  conduct  this  study,  the  secondary  objective  was 
to  determine  the  sensitivity  of  NVG  visual  acuity  to  the  distance  of  objects  used  to  focus  the  NVGs. 

Background:  The  Hoffman  20/20  test  system  was  designed  to  provide  a  distant  (infinity)  optical  image  of  a  test  pattern  to 
determine  the  level  of  resolution/visual  acuity  available  in  an  NVG  and  determine  that  the  NVG  could  focus  at  infinity 
(objective  lens  optical  adjustment).  It  is  currently  being  used  to  pre-adjust  objective  lens  focus  prior  to  flight  to  insure  the 
NVGs  are  properly  focused.  However,  the  Hoffman  20/20  uses  a  relatively  narrow-band  light  emitting  diode  (LED) 
illuminator  which  may  result  in  a  different  objective  lens  focus  than  what  would  be  obtained  under  typical  broad-band  night 
illumination.  In  addition,  pressure  changes  due  to  altitude  or  misadjustment  due  to  accidental  impact  of  NVGs  on  the 
canopy  may  destroy  the  objective  lens  focus  obtained  during  the  preflight  adjustment  using  the  Hoffman  20/20.  The 
question  is  "can  aircrew  readjust  the  NVG  objective  lenses  in-flight  and  obtain  focus  (i.e.,  visual  acuity)  at  least  as  good  as 
they  obtained  using  the  Hoffman  20/20?"  Two  studies  were  conducted  to  provide  some  indirect  information  to  aid  in 
answering  this  question.  The  first  study  was  conducted  to  determine  the  relative  sensitivity  of  observers’  visual  acuity  to 
intentionally  defocused  objective  lenses  and  the  second  was  conducted  using  a  single  trained  observer  to  assess  focusing 
sensitivity  using  a  different  methodology.  The  second  study  was  prompted  by  the  inconclusiveness  of  the  first  study. 

METHOD  -  STUDY  ONE 

Observers 

The  trained  observers  were  one  female  and  two  males,  highly  experienced  with  the  operation  of  NVGs.  They  ranged  in  age 
from  38  to  49  years,  each  having  normal  (20/20)  or  corrected-to-normal  binocular  visual  acuity. 

Stimuli 

Landolt  C’s  -  The  test  stimuli  were  closely-sized  computer-generated,  high  contrast  (70%  Michelson;  Farrell  &  Booth, 
1984)  Landolt  C’s  (National  Academy  of  Sciences,  1980)  printed  using  a  high  resolution,  photo-grade  laser  printer.  The 
print  out  of  each  target  was  mounted  on  18  cm  x  18  cm  (7”  x  7”)  squares  of  foam  board.  Each  target  varied  in  gap  size  and 
represented,  when  converted,  a  specific  Snellen  visual  acuity  value  (20/xx).  The  back  of  each  target  was  labeled  with  four 
different  bar  code  patterns.  Each  bar  code  contained  identification  information  for  that  particular  target  such  as  target 
number,  target  type,  the  corresponding  visual  acuity  (20/xx),  the  target  contrast,  and  the  gap’s  orientation.  For  each 
experimental  trial,  a  Landolt  C  was  placed  in  the  center  of  a  larger  foam  board  surround  56  cm  x  56  cm  (22”  H  x  22”  L). 
This  surround  was  secured  to  the  front  of  a  black  light-tight  wooden  box.  The  box  measured  66  cm  H  x  56  cm  W  x  36 
cm  L  (26"  H  x  22,"  W  x  14”  L)  and  sat  on  top  of  a  stand.  The  surround  had  the  same  reflectance  as  the  background  of  the 
Landolt  C’s.  This  box  housed  a  bar  code  scanner/reader  used  to  automate  the  recording  of  Landolt  C  target  information. 
The  light-tight  box  prevented  the  incompatible  red  laser  beam  from  the  bar  code  scanner  from  affecting  the  NVGs.  The  bar 
code  reader  connected  directly  to  a  computer  at  the  experimenter’s  station.  The  entire  set  up  was  positioned  at  54.9  meters 
(180’;  near  NVG  optical  infinity)  from  the  observer.  A  four  button  response  box  was  used  to  record  the  observer’s  response 
(gap  up,  down,  left  or  right).  The  computer  recorded  the  button  press  response  and  Landolt  C  bar  code  information  as  well 
as  other  pertinent  information. 


691 


Apparatus  ^  .  .  . 

NVGs  -  Participants  viewed  the  target  stimuli  using  a  pair  of  ITT  model  F4949D  (SN  3873)  NVGs.  The  goggles  had  a  gam 
of  approximately  5600  as  measured  using  the  Hoffman  ANV-120  NVG  Test  Set.  Before  the  start  of  each  test  session,  the 
optical  alignment  of  the  NVGs  was  verified  using  the  Hoffman  ANV- 126  Night  Vision  Tester. 

Each  test  session  was  conducted  in  a  light-tight  laboratory.  The  observer  was  seated  with  the  NVGs  secured  in  a  stationary 
mount  directly  in  front  of  them.  The  observer  was  able  to  adjust  the  NVGs  to  the  proper  height  for  viewing.  An  external 
regulated  power  supply  was  used  to  energize  the  goggles. 

The  NVG  eyepieces  were  preset  to  -0.5  diopters  using  a  Keuffel  &  Esser  dioptometer.  At  the  beginning  of  each  test  session 
the  observer  would  set  up  and  pre-focus  the  NVGs.  After  dark-adapting  for  10  minutes,  the  NVGs  were  powered  on.  The 
observer  focused  the  objective  lenses  by  viewing  a  large,  high-contrast  square-wave  resolution  chart. 

Illumination  sources  and  Illumination  levels  -  The  stimuli  were  illuminated  using  a  moon  lamp  outfitted  with  an  adjustable 
2856K  color  temperature  incandescent  bulb  (MIL-L-8576A,  1986).  Metal  apertures  were  used  to  achieve  the  desired 
illumination  level.  Using  apertures  to  adjust  illumination  intensity  did  not  affect  the  2856K  color  temperature.  The 
illumination  on  the  Landolt  C’s  was  4.0  x  10'3  lux  (3.72  x  lO-4  fc).  The  output  from  the  NVGs  was  approximately  5.14  nits 
(1.5  fL).  Since  the  observer  was  so  far  away  from  the  stimulus  area,  the  surrounding  area  was  for  the  most  part  dark.  To 
illuminate  a  larger  portion  of  the  NVG’s  field-of-view,  the  observer  looked  through  a  large,  white  122  cm  x  153  cm  (4  x 
5’)  illuminated  mask  having  a  15  cm  x  20  cm  (6”  x  8”)  aperture  located  about  366  cm  (12’)  in  front  of  their  viewing 
position.  This  illuminated  area  also  produced  about  1 .5  fL  goggle  output.  The  near  and  far  fields  were  a  good  brightness 
match  when  viewed  through  the  goggles. 

Procedure 

Each  of  the  three  observers  completed  240  trials  (24  trials  x  10  Snellen  acuity  levels)  on  each  of  three  days.  For  a  particular 
day,  the  observer  focused  his/her  goggles  at  one  of  three  focus  distances.  The  order  of  the  focus  distances  were 
counterbalanced  across  observers.  During  each  trial,  the  observer,  at  54.9  meters  (180’),  attempted  to  identify  the 
orientation  of  the  Landolt  C  gap  with  choices  being  left,  right,  up,  and  down. 

Eight  repetitions,  with  randomly  presented  orientations,  were  performed  at  a  particular  acuity  level  followed  by  eight  more 
repetitions  at  another  acuity  level.  This  was  repeated  10  times,  in  a  random  fashion,  with  each  acuity  level  used  once  to 
complete  a  session.  Three  sessions  were  conducted  per  day  to  achieve  the  total  of  240  trials. 

For  each  trial,  the  experimenter,  using  pre-determined  randomized  stimuli  ordering,  placed  a  Landolt  C  onto  a  small  ledge 
centered  on  the  surround  while  keeping  it  blocked  from  the  observer’s  view.  The  ledge  centered  the  ‘C’  and  was  not  visible 
when  viewed  through  the  NVGs.  The  experimenter  pressed  a  switch  to  scan  the  bar  code  on  the  back  of  the  target.  The 
experimenter  would  then  move  away  from  the  Landolt  C  and  the  observer  had  about  four  seconds  to  view  the  stimulus.  At 
the  end  of  the  four-second  interval,  the  computer  would  beep  an  alarm  and  the  experimenter  would  immediately  block  the 
stimulus  from  the  observer’s  view.  The  observer  would  announce  their  response  and  it  was  recorded.  The  observer  was  not 
provided  with  any  feedback  on  their  performance. 

RESULTS  -  STUDY  ONE 

Due  to  recording  problems,  there  were  10  groups  of  24  trials  (i.e.,  combination  of  observer,  focus  distance,  and  acuity) 
where  responses  from  less  than  24  trials  were  obtained.  Table  1  contains  the  percent  of  trials  in  which  the  orientation  was 
correctly  identified.  Chance  alone  would  result  in  25%  correctly  identified  trials.  It  is  assumed  that  percents  in  Table  1  that 
are  less  than  25%  would  approach  25%  with  a  sufficient  number  of  trials.  The  percents  from  Table  1  were  transformed  to 
adjusted  for  chance  values  and  are  shown  in  Table  2. 
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Table  1 .  Percent  correct  trials  (N  =  24)  for  each  observer,  focus  distance,  and  acuity. 


Snellen 

Acuity 

(20/xx) 

Observer  #1 

Observers 

Observer  #3  ] 

Focus  Distance  (ft) 

Focus  Distance  (ft) 

IHUB 

100 

180 

heih 

100 

180 

80 

100 

180 

13,50 

29 

42 

29 

21 

29 

21 

29 

29 

29 

15.17 

21 

17 

42 

42 

46 

33 

33 

33 

46 

17.04 

13 

25 

25 

25 

42 

42 

35 

33 

38 

19.15 

33 

33 

30 

38 

38 

25 

54 

46 

50 

21.52 

48 

50 

54 

46 

43 

38 

42 

21 

42 

24,18 

58 

58 

64 

54 

46 

67 

75 

58 

63 

27.16 

S3 

79 

58 

67 

58 

83 

96 

83 

96 

30,52 

79 

88 

88 

63 

83  j 

100 

96 

92 

96 

34.29 

96 

■EH 

96 

96 

92 

92 

100 

100 

96 

36.35 

94 

■IM 

96 

■EH 

83 

100 

mm 

HESS 

■EH 

Table  2.  Percent  correct  (N  =  24)  adjusted  for  chance.  Percents  in  italics  were  not  used  for  modeling. 


Snellen 

Acuity 

(20/xx) 

Observer#! 

Observer  #2 

Observer  #3  j 

HQHHHi 

80 

100 

180 

80 

100 

180 

80 

100 

180 

13.50 

6 

22 

6 

0 

6 

0 

6 

6 

6 

15.17 

0 

0 

22 

22 

28 

n 

11 

11 

28 

17.04 

0 

0 

0 

0 

22 

22 

13 

11 

17 

19.15 

11 

11 

7 

17 

17 

0 

39 

28 

33 

21,52 

30 

33 

39 

28 

24 

17 

22 

0 

22 

24,18 

44 

44 

52 

39 

28 

56 

67 

44 

50 

27,16 

78 

72 

44 

56 

44 

78 

94 

78 

94 

30,52 

72 

83 

83 

50 

78 

too 

94 

89 

94 

34.29 

94 

100 

94 

94 

89 

89 

100 

100 

94 

36.35 

92 

100 

94 

100 

78 

100 

100 

100 

100 

The  non-italicized  values  in  Table  2  were  converted  to  normal  equivalent  deviates  (NED).  An  NED  is  the  value  of  a 
standard  normal  variable  whose  cumulative  probability  (expressed  as  a  percent)  would  equal  the  percent  correct  adjusted 
for  chance.  Since  an  NED  cannot  be  computed  for  0%  or  100%,  0%  was  set  to  1%  and  100%  was  set  to  99%,  The  NED 
values  were  used  as  the  dependent  variable  in  a  linear  regression  with  acuity  as  the  independent  variable  (a  linear 
relationship  is  assumed).  This  procedure  is  referred  to  as  Probit  Analysis  (Finney,  1980,  Pinkus  Sl  Task,  1989).  The 
estimated  NED  =  bo+bj  vacuity  was  transformed  back  to  percents.  For  each  observer  and  focus  distance,  the  acuity  level  that 
corresponded  to  50%  and  75%  correct,  adjusted  for  chance,  was  determined  and  shown  in  Table  3. 

Table  3.  Snellen  acuity  levels  corresponding  to  50%  and  75%  correct,  adjusted  for  chance. 


Observer 

50Pl  |  75Pl 

Focus  Distance 

80 

100 

180 

80 

100 

180 

#1 

26.2 

25.0 

26.3 

29.9 

27.8 

29.8 

#2 

26,3 

26.4 

24,5 

32.9 

26.3 

#3 

22,0 

24.2 

22.2 

25.4 

27.8 

26.3 

Mean 

24.8 

25.2 

24.3 

28.4 

29.5 

27.5 

Std 

EM 

1.1  ! 

mm 

2.6 

2.9 

2.0 

Table  4.  Analysis  of  variance  results. 


Pa 

Source 

ss 

DF 

SSE 

F 

P 

50 

Focus  Distance 

■EH 

2 

5.19 

4 

0.42 

0,6834 

75 

Focus  Distance 

6.13 

2 

21.75  i 

4 

0.56 

0.6085 

The  acuity  levels  corresponding  to  50%  and  75%  correct  were  used  as  dependent  variables  in  a  one  factor  (focus  distance) 
repeated  measures  analysis  of  variance.  Results  are  shown  in  Table  4. 
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METHOD  -  STUDY  TWO 

Study  Two  was  substantially  simpler  and  faster  than  Study  One  and  the  technique  can  be  more  directly  applied  to  answer 
the  original  question  regarding  the  Hoffman  20/20.  Since  it  was  apparent  from  the  first  study  that  there  was  no  difference 
in  visual  acuity  performance  for  the  range  of  defocus  distances  selected,  a  different  approach  to  the  focusing  issue  was 
devised.  Focusing  the  objective  lenses  of  NVGs  is  done  by  physically  moving  the  objective  lens  of  the  NVG  closer  to  or 
further  from  the  image  intensifier  tube.  At  infinity  focus  the  objective  lens  is  at  its  closest  distance  to  the  tube;  as  objects 
closer  than  infinity  are  brought  into  focus  the  objective  lens  must  move  away  from  the  image  intensifier  tube.  This 
movement  is  very  small  and  difficult  to  measure  but  provides  a  means  of  determining  change  in  focus  position.  A  single 
trained  observer  focused  the  NVGs  at  six  different  distances  (3,  6,  12,  18,  30  and  46  meters  or  10’,  20’,  40’,  60’,  100’  and 
150’,  respectively)  10  times  each  for  each  of  two  focusing  stimuli.  The  first  stimuli  was  a  grating  somewhat  similar  to  the 
grating  target  used  in  the  Hoffman  20/20.  The  second  stimuli  was  a  point  source  of  infrared  light.  A  digital  caliper  was 
used  to  measure  the  overall  length  of  the  NVGs  for  each  of  the  120  focus  settings  (6  distances,  10  repetitions,  2  focus 
stimuli).  Using  first-order  lens  imaging  theory  (Hecht  and  Zajac,  1975,  p.-168)  it  is  possible  to  derive  a  theoretical 
equation  to  relate  the  NVG  objective  lens  movement  to  the  distance  of  the  stimulus  to  be  focused.  This  theoretical 
movement  relationship  can  then  be  compared  to  the  obtained  results.  It  was  hypothesized  that  there  would  be  no  difference 
in  focusing  ability  between  the  grating  and  point  source  stimuli. 

RESULTS  -  STUDY  TWO 

The  results  for  Study  Two  are  shown  in  tabular  form  in  Table  5.  The  data  in  Table  5  are  the  average  (over  10  repetitions) 
lengths  of  one  NVG  ocular  for  each  of  the  distance  and  stimuli  conditions.  The  theoretical  equation  only  relates  the  relative 
movement  of  the  objective  lens  with  respect  to  focus  distance  so  it  was  necessary  to  "anchor"  the  equation.  The  objective 
lens  should  have  been  closest  to  the  image  intensifier  tube  for  "infinity"  focus.  Based  on  the  results  of  Study  One,  there 
was  no  difference  in  visual  acuity  (focus)  between  80’,  100’,  and  180’  indicating  that  these  distances  were  essentially 
"infinity"  as  far  as  the  NVGs  were  concerned.  Therefore  the  150’  distance  was  taken  as  the  "anchor"  point.  The  theoretical 
data  was  produced  by  setting  the  150’  data  point  to  be  equal  to  the  average  of  the  20  focus  settings  (10  for  point  source  and 
10  for  grating)  obtained  at  150’  (as  can  be  seen  in  Table  5).  Results  are  in  Figure  1  and  Table  5. 


Figure  1.  Graphical  results  of  NVG  ocular  length  as  a  function  of  focus  distance  for  two  focusing  stimuli. 
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Table  5.  NVG  length  as  a  function  of  focus  distance  and  focus  stimuli  (all  data  in  inches) 


Distance 

Grating 

Point 

Theorv 

W 

4.2380 

4.2384 

4.2389 

20’ 

4.2364 

4,2352 

4.2341 

40* 

4.2363 

4.2320 

4.2317 

60* 

4.2346 

4.2313 

4.2309 

100’ 

4.2341 

4,2288 

4.2303 

150’ 

4.2311 

4.2289 

14.2300 

DISCUSSION  and  CONCLUSIONS 

different  S?  “  ,th“  W®  attemPted  t0  338685  focusing  sensitivity  of  the  NVGs  by  assessing  visual  acuity  for 

drfferent  levels  of  defocused  objective  lens  settings.  Previous  theoretical  calculations  indicated  the  depth  of  field  of  the 
bm3s  is  such  that  a  focus  error  should  be  noticeable  around  the  100’  or  so,  distance.  However,  it  is  clear  from  the  results 
investigated  Th  th  th^re  was  no  statistically  significant  difference  in  visual  acuity  for  the  three  focus  distances 
annarenffhtt  P®  repeatab,llty  and  reP™ducib!l,ty  of  NVG  visual  acuity  measurements  has  not  been  determined  but  it  is 
defect  srnaH  “  3  am°Unt  °f  ''ar,ance  kerned  with  measuring  NVG  visual  acuity.  This  makes  it  difficult  to 

detect  small  differences  m  parameters  that  may  affect  visual  acuity.  If  a  broader  range  of  defocus  distances  were 

mvratigated  (which  needs  to  be  done)  it  is  expected  that  there  would  be  a  significant  effect  on  NVG  visual  acuity.  The 
Probit  technique,  used  to  obtain  visual  acuity,  is  extremely  fatiguing  and  time  consuming  for  observers  which  is  what  led  to 
the  technique  developed  m  the  second  study. 

pril?7  iSS' al iS  Wiether  0I  n0t  the  stimulus  used  to  focus  Ae  NVGs  makes  a  difference  in  the  quality  of  the  focus 

fhe  issue  TumrhWlv  iqUH  dfv°lopedin  *he  second  stud*  provid68  a  better  and  more  convenient  means  to  address 
*  '  Ue'  SurPnsingIy,  the  second  study  resulted  in  a  statistically  significant  difference  in  focus  settings  (all  six  distances- 
analysis  of  variance)  between  focusing  on  a  distant  (150’)  point  source  versus  a  square-wave  grating  Bofh  meS 

h°'  “d  “  r  diS,a"!  ,50'  ta  ,te  ^  ■*-*»  lagged  behind  ITpoint  soul Tt 
Jl  r  eXplanat,on  forth;f  effect  but  il  deserves  a  bit  more  attention  in  the  future.  For  the 
optical  infinity  (150  )  distance,  there  was  no  statistically  significant  difference  between  the  grating  stimulus  and  the  point 
^urce  stimulus.  This  would  imply  that  the  quality  of  focus  should  be  the  same,  indepSdent  ofThe  fo^s  stiS 

vfelh  th1eVS  3  re3!Tb  e  St,mulus\  Smce  fo'8  second  study  involved  only  one  highly  trained  observer  it  would  be  well 
andlfefe  t  repeat  this  technique  with  a  larger  number  of  trained  observers  and  with  a  broader  range  of  focusing  stimuli 

fnCmSff  eVe  S’  Je  thSt  thlS  techn,£iue>  after  some  refining,  is  probably  the  best  method  of  determining  the 

nwTS  ?  TnCiS’  tf  fy’  betwe®n  us,ng  the  Hoffman  20/20  and  “Sing  ambient  objects  for  focus  adjustment.  Future 
plans  are  to  refine  the  technique  m  the  laboratory  and  then  try  it  out  in  the  field. 
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[19] 


[ii]  4*398,685 

[45]  Aug.  16, 1983 


[54]  AERIAL  DAY/NIGHT  REFUELING 
STATIONS 
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4,150,803  4/1979  Fernandez  .....................  244/135  A 
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An  improved  aerial  refueling  system,  suitable  for  opera¬ 
tion  under  nighttime  or  other  limited  visibility  condi¬ 
tions,  is  described,  and  comprises  a  tanker  aircraft  with 
refueling  boom  depending  rearwardly  thereof,  a  re¬ 
ceiver  aircraft  having  a  fuel  receptacle  for  interconnec¬ 
tion  with  the  boom,  means  disposed  on  the  tanker  for 
illuminating  the  receiver  aircraft  with  infrared  light 
during  hookup  and  refueling,  infrared  sensitive  viewing 
means  and  an  optical  imaging  device  on  the  tanker 
through  which  the  boom  operator  may  view  the  boom 
and  receiver  aircraft  to  guide  the  boom  into  position  for 
connection  with  the  receiver  aircraft. 

2  Claims,  2  Drawing  Figures 
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A  glide  slope  indicator  system  in  which  light  from  an 
incoming  aircraft’s  landing  light  is  shaped  by  spheri¬ 
cal/cylindrical  lens  combination  into  a  line  image 
which  strikes  a  linear  photodiode  array.  By  determining 
which  photodiode  in  the  array  the  center  of  the  line 
image  strikes,  the  glide  slope  angle  can  be  determined. 
An  appropriate  signal  is  communicated  to  the  pilot  via 
a  pair  of  indicator  lights  mounted  on  the  runway  de¬ 
pending  upon  whether  the  aircraft  is  above,  below  or  on 
the  desired  glide  slope  angle. 

6  Claims,  6  Drawing  Figures 
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A  diffuse  incandescent  runway  marker  light  apparatus 
has  a  housing  with  a  visible  light  diffusing  plate 
mourned  in  one  end  and  an  infrared  light  diffusing  plate 
mounted  in  the  other  end,  and  a  pair  of  incandescent 
light  sources  mounted  in  the  housing  and  aimed  toward 
the  respective  housing  end  plates.  A  switch,  when 
flipped  to  a  first  position,  turns  on  one  light  source  for 
producing  visible  illumination  and  turns  off  the  other 
light  source.  The  switch,  when  flipped  to  a  second 
position,  turns  off  the  one  light  source  and  turns  on  the 
other  light  source  for  producing  infrared  illumination. 
In  such  manner,  the  appropriate  type  of  illumination  for 
marking  the  runway  for  overt  or  covert  landing  opera¬ 
tion  may  be  selected.  When  the  switch  is  flipped  to  a 
third  position,  both  light  sources  are  turned  off. 

4  Claims,  4  Drawing  Figures 
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[57]  ABSTRACT 

An  arrangement  for  conveniently  changing  the  illumi¬ 
nation  in  an  aircraft  cockpit  or  other  enclosure  to  a 
spectrum  compatible  with  night  vision  infrared  equip¬ 
ment  including  provision  for  easy  return  to  the  original 
illumination  source.  Selected  LED  elements  are  em¬ 
ployed  in  multiple  element  arrays  using  a  tether  con¬ 
nected  package  that  can  be  excited  directly  from  exist¬ 
ing  wiring  in  Fixtures. 
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I57!  ABSTRACT 

A  novel  device  and  method  for  determining  the  con¬ 
trast  sensitivity  of  a  subject  is  provided  and  comprises  a 
test  chart  including  a  plurality  of  patches  systematically 
organized  in  a  predetermined  array,  each  patch  having 
a  plurality  of  adjacent  patterned  areas,  at  least  one  of 
which  is  a  pattern  of  alternate  light  and  dark  regions  of 
predetermined  contrast,  and  the  remaining  patterned 
areas  are  solid  gray  patterns  of  predetermined  reflec¬ 
tance,  each  contrast  pattern  being  characterized  by  a 
space  average  reflectance  equal  to  the  predetermined 
reflectance  value  of  the  adjacent  gray  patterned  areas. 
The^patial  frequency  and  contrast  of  the  alternate  dark 
and  light  regions  may  be  varied  in  the  array  of  patches, 
iii  the  method  for  determining  the  visual  contrast  sensi¬ 
tivity  of  the  vision  system  of  a  subject,  a  chart  of  the 
invention  is  displayed  to  the  subject  at  successively 
shorter  distances,  and  the  greatest  distance  at  which  the 
subject  can  resolve  each  contrast  pattern  is  determined 
and  recorded. 
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An  improved  glide  slope  indicator  system  for  facilitat¬ 
ing  aircraft  landings  under  adverse  lighting  conditions 
on  remote  or  austere  landing  sites  is  provided  which 
comprises  a  pair  of  indicators  deployable  near  ground 
level  on  each  side  of  a  runway,  each  indicator  including 
a  housing  having  an  optical  window  and  a  pair  of  light 
sources  mounted  in  predetermined  spaced  relationship 
to  each  other  and  to  the  optical  window  and  connected 
to  a  power  source  and  related  circuitry  to  project  a  well 
defined  first  blinking  and  second  steady  light  beam  of 
predetermined  angular  divergence  and  overlap,  one 
indicator  disposed  to  project  beams  with  an  overlap 
elevated  at  a  first  angle  relative  to  horizontal  and  the 
other  indicator  disposed  to  project  beams  with  an  over¬ 
lap  elevated  at  a  second  angle  relative  to  horizontal 
different  from  the  first,  with  a  preselected  glide  path 
lying  between  the  two  overlaps.  An  infrared  filter  may 
be  included  in  each  indicator  to  project  beams  observ¬ 
able  only  with  infrared  sensitive  viewing  aids.  The  sys¬ 
tem  may  be  battery  powered  for  portability. 
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[57]  ABSTRACT 

A  night  vision  goggle  capability  evaluation  apparatus 
useful  in  assessing  the  degree  of  illumination  present  in 
a  proposed  NVG  operating  environment  is  disclosed. 
The  evaluation  apparatus  includes  portable  illuminator 
and  detector  devices  that  are  battery  operated  and  op¬ 
tionally  coupled  to  the  input  and  output  pons  of  the 
goggle  during  both  their  own  calibration  and  during 
measurement  of  the  proposed  operating  environment. 
The  disclosed  apparatus  operates  by  calibrating  the 
NVG  output  measuring  detector  from  the  saturated  and 
dark  output  extremes  of  the  NVG  system  and  then 
using  this  calibrated  detector  to  measure  the  output  of 
the  NVG  system  and  determine  whether  is  it  receiving 
adequate  light  for  satisfactory  performance, 
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[57]  ABSTRACT 

A  monocular  night  vision  apparatus  employing  an  infra¬ 
red  energy  spectrum  source  of  illumination  and  a  cam¬ 
era  lens  and  night  vision  image  intensifier  combined 
receiver  apparatus  into  a  small  hand-held  portable  pack¬ 
age  that  is  both  low  in  cost  and  reliable  in  nature  is 
described.  The  night  vision  transmitter  apparatus  in¬ 
cludes  a  laser  diode  energy  source  that  is  coupled  to  an 
aperture  controlled  and  focus  controlled  optical  system 
and  driven  by  an  electronic  closed-loop  feedback  ener¬ 
gization  circuit  which  employs  self-contained  battery 
sources  of  energy.  Multiple  operating  modes  and  oper¬ 
ating  intensities  of  the  light  source  are  provided 
through  a  plurality  of  signal  inputs  to  the  closed  feed¬ 
back  loop  of  the  laser  diode  energy  source.  Disturbance 
of  the  closed  feedback  loop  by  reflected  energy  within 
the  optical  transmitter  apparatus  is  precluded  by  the  use 
of  feedback  prevention  optical  alignment  in  the  trans¬ 
mitter’s  optical  system. 
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A  synthetic  color  arrangement  for  a  night  vision  inclusive 
surveillance  system  and  its  display  is  disclosed.  The  system 
partitions  an  input  scene  video  signal  into  spectrally  segre¬ 
gated  scene  components  which  are  provided  with  separate 
processing  as  video  signals  and  then  recombined  into  a 
composite  but  now  multiple  color  inclusive  output  repre¬ 
sentation  of  the  input  scene.  Hie  system  in  effect  shifts  input 
spectral  components  to  a  different  part  of  the  electromag¬ 
netic  spectrum,  the  visible  range  of  the  spectrum,  where 
operator  controllable  new  spectral  wavelength  values  are 
assigned  to  each  different  input  scene  spectral  wavelength. 
Use  of  charge  coupled  device  video  camera  elements,  a 
video  signal  mixer  apparatus,  input  wavelengths  within  both 
the  visible  and  infrared  spectral  regions  and  signal  process¬ 
ing  according  to  the  NTSC  standards  are  also  included. 
Military  and  non  military  uses  of  the  apparatus  arc  contem¬ 
plated. 
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[57J  ABSTRACT 

A  night  vision  device  test  arrangement  for  determination  of 
spectra!  sensitivity  field  of  view  and  other  operating  char¬ 
acteristics  of  night  vision  devices.  The  test  arrangement 
includes  a  controllable  array  of  radiant  energy  emitters  such 
as  narrow-band  light  emitting  diode  elements  used  to  display 
a  night  vision  device  test  pattern.  The  displayed  test  pattern 
may  be  located  in  the  infrared  or  infrared  and  visible 
spectrum  regions  and  may  be  altered  by  user  command  to 
have  different  configurations  including  different  physical 
size,  shape  and  array  location  and  different  spectral  content. 
Control  of  the  test  pattern  may  employ  a  computer  or  a 
manual  selection  apparatus.  The  disclosed  apparatus  is  espe¬ 
cially  suited  to  in-thc-ficld  GO/NO  GO  rapid  performance 
verification  of  night  vision  device  equipment.  Military  and 
non-military  uses  arc  contemplated. 
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[57]  ABSTRACT 

A  test  arrangement  for  assessing  the  spectral  energy  distri¬ 
bution-determined  response  of  a  night  vision  device  or  other 
electro-optica!  apparatus.  The  test  arrangement  provides  a 
library  of  spectral  energy-distributed  te&  signals  or  input 
scenes  which  may  be  selected  to  represent  for  example 
typical  or  extreme  conditions  expected  during  field  use  of 
the  tested  night  vision  device.  The  test  signals  originate  in  an 
array  of  energy  transducer  devices  such  as  light  emitting 
diode  elements  with  each  such  light  emitting  diode  element 
proving  a  limited  wavelength  component  of  the  wide  band 
composite  optical  signal  received  at  die  input  port  of  the 
night  vision  device.  Each  component  signal  is  arranged  to  be 
controlled  electrically  in  presence  or  absence  and  also 
controlled  electrically  in  radiance  or  intensity  according  to 
the  needs  of  the  scene  being  presented;  such  control  is 
provided  by  a  manual  controller  or  by  a  programmed  digital 
computer  or  by  other  controlling  apparatus  such  as  a  pro¬ 
grammed  logic  array.  The  composite  test  signal  may  include 
both  infrared  and  visible  components.  In  addition  to  control 
of  the  composite  test  signal,  other  aspects  of  the  performed 
test  such  as  lest  scene  data  storage  may  also  be  accomplished 
in  the  controller  or  computer.  The  disclosed  apparatus  is 
especially  suited  to  performance  verification  of  night  vision 
systems  in  a  laboratory  environment  prior  to  field  use  of 
similar  systems.  Military  and  non-military  uses  are  contem¬ 
plated. 
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[571  ABSTRACT 

An  automated  and  preferably  computer-controlled  night 
vision  device  test  arrangement  for  determination  of  spectral 
sensitivity  in  the  infrared  or  other  input  spectrum  regions. 
The  test  arrangement  includes  feedback  control  of  night 
vision  device  input  port  signal  levels,  incremented  selection 
of  input  signal  wavelength,  loop-residing  spectrum  incre¬ 
ments  and  automated  collection  and  presentation  of  test 
results. 
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[57]  ABSTRACT 

A  night  vision  device  enhancement  wherein  occurrence  of  a 
bright  object  in  an  input  scene  of  the  night  vision  device  is 
precluded  from  adversely  affecting  reproduction  of  adjacent 
low  radiance  level  portions  of  the  input  scene.  By  ideally 
limiting  or  excluding  bright  object  input  scene  portions  from 
the  night  vision  device  input  field  the  disclosed  system 
precludes  both  image  intensiher-related  effects,  effects  such 
as  blooming  and  current  saturation,  and  also  precludes 
automatic  gain  control-related  effects  such  as  full-field  sen¬ 
sitivity  decrease  based  on  the  bright  object  Plural  embodi¬ 
ments  of  the  system  are  disclosed,  embodiments  based  on 
bright  object  attenuation  by  both  yet  to  be  developed  photo 
active  materials  such  as  photochromies  and  embodiments 
which  use  present  state  of  the  art  liquid  crystal  materials  and 
accompanying  electronics.  Military  and  non-military  uses  of 
the  improved  night  vision  device  are  contemplated. 
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[57]  ABSTRACT 

An  adaptor  detachably  mounted  on  an  ocular  of  night  vision 
goggles  for  quickly  adjusting  the  objective  lens  focus  to 
clearly  view  far  and  near  objects.  The  adaptor  includes  a 
positive  optical  power  or  close-up  lens  mounted  in  a  holder 
pivotally  mounted  between  a  stowed,  inoperative  position 
and  an  operative  position  locating  the  close-up  lens  in  axial 
alignment  with  the  objective  lens  of  the  ocular.  The  close-up 
lens  has  an  effective  diameter  substantially  smaller  than  the 
diameter  of  the  objective  lens  to  raise  the  F/numbcr  of  the 
objective  lens/close-up  lens  combination  for  increasing  the 
depth  of  focus  for  enhanced  near  viewing.  Auxiliary  illumi¬ 
nation  is  provided  by  a  battery  powered  infra-red  Light 
Emitting  Diode  (LED)  mounted  in  the  adaptor  and  energized 
by  a  switch  as  the  lens  holder  moves  toward  its  operative 
position. 
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[57]  ABSTRACT 

An  instrument  and  method  for  optically  calibrating  and 
balancing  low  level  luminances  of  lighted  instrument  panel 
displays  within  the  operator  station  of  a  vehicle  is  described 
which  comprises  a  self-contained,  calibrated  luminance 
source  and  a  beamsplitter  for  combining  and  juxtaposing  an 
image  of  the  calibrated  luminance  source  with  an  image  of 
the  luminance  from  a  lighted  instrument  panel  display  to  be 
calibrated  or  balanced,  whereby  the  Images  may  he  com¬ 
pared  in  luminance,  the  lighted  instrument  panel  display 
being  adjustable  in  intensity  using  the  vehicle  instrument 
panel  light  trim  capability. 
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Device  and  method  are  described  for  measuring  transmis¬ 
sivity  and  ha/e  in  transparencies  as  detected  through  night 
vision  goggles,  including  an  emitter  portion  and  a  sensor 
portion,  the  emitter  portion  including  a  first  light  source  for 
presenting  an  image  to  the  sensor  portion  through  the 
transparency  and  a  second  light  source  for  projecting  a  haze 
producing  light  onto  the  transparency,  the  sensor  portion 
including  a  light  intensiher  tube  and  a  photometer  for 
measuring  the  luminance  output  of  the  light  imensifier  tube 
and  quantifying  attenuation  (transmissivity)  and  haze  (light 
scatter)  characteristics  of  the  transparency  as  viewed 
through  night  vision  goggles. 
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L.  Kundert 

(57)  ABSTRACT 

A  laser  energy  window  arrangement  especially  usable  in  a 
tactical  aircraft  having  night  vision  equipment-aided  cockpit 
visual  information  input  requirements.  The  laser  energy 
window  arrangement  enables  use  of  laser  apparatus  directed 
external  to  the  aircraft  for  target  designation  or  other  pur¬ 
poses  while  minimizing  the  amount  of  energy  from  such 
laser  returning  spuriously  inside  the  cockpit  where  it  inher¬ 
ently  acts  a  noise  signal  for  night  vision  equipment.  The 
laser  energy  window  limits  the  portion  of  the  aircraft  wind¬ 
shield  or  canopy  exposed  to  laser  radiation  and  its  effects  to 
a  relatively  small  area,  an  obscurable  area  generating  sig¬ 
nificantly  reduced  amounts  of  spurious  return  energy  in 
comparison  with  use  of  the  laser  directly  through  an  unlim¬ 
ited  windshield,  canopy,  or  other  type  of  transparency. 
Transmission  of  spurious  return  energy  from  the  laser 
energy  window  to  remaining  portions  of  the  windshield  or 
canopy  is  precluded  by  interruption  of  transmission  paths 
within  the  windshield  or  canopy  material  and  transducing 
the  interrupted  path  energy  into  heat  dissipated  within  or 
outside  of  the  aircraft  and  not  affecting  the  remainder  of  the 
canopy.  Potentially  increased  aircraft  to  target  standoff 
range,  reduce  need  for  aircrew  use  of  laser  eye  protection 
gear,  reduced  laser  induced  windshield  or  canopy  degrada¬ 
tion  and  other  benefits  are  identified  for  aircraft  uses  of  the 
invention.  Use  of  the  window  invention  in  other  non  aircraft 
and  non  military  aircraft  settings  is  also  contemplated. 
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